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GENERAL INTRODUCTION 
With a cultivable land area of 84 million hectares and only 10 
percent presently cultivated, Sudan has a great potential for agri­
cultural expansion. Little information is available in the semi-arid 
tropical climate of Sudan regarding the legume-Rhizobium symbioses. 
Legumes, through their unique association with the bacteria of the 
genus Rhizobium, can reduce atmospheric dinitrogen to a plant-available 
form. The ever—increasing costs of fertilizer nitrogen require that 
unindustrialized countries develop and maximize use of a cheap source 
of nitrogen such as that obtainable through symbiotic nitrogen fixation. 
Cow pea (Vigna ungiculata), green gram (Phaseolus aureus), pigeon 
pea (Ca.i anus ca.j an) , lubia (Dolichos lab lab) , bambara groundnuts 
(Voandzeia subterranea), and groundnuts (Arachis hypogaea) represent 
the important legumes grown in Sudan. Virtually nothing is known con­
cerning their association with members of the genus Rhizobium. Cross 
inoculation groups, colony characteristics, pH tolerance, NaCl tolerance, 
serological identity, resistance to high soil temperatures or desicca­
tion, and the efficiency in fixing atmospheric nitrogen of the micro-
symbionts have been little studied. Such characterization may aid in 
identifying the key limiting factors in symbiotic fixation of nitrogen 
in Sudan. 
In preliminary work, Habish and Kheiri (1968) found inconsistencies 
in the fit of Sudanese rhizobia into the cross inoculation groups (Fred 
et al., 1932). For example, groundnut rhizobia were found to be fast 
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growing, acid producing, and did not nodulate cowpea. These are not 
characteristic traits of the cowpea group in which groundnut rhizobia 
are usually classified. Further investigations are needed to character­
ize the native rhizobia from different legumes in Sudan. 
Groundnut in Sudan is a crop of multiple uses. It is directly 
edible by humans both when immature and at maturity. As a legume, it 
is a good source of protein and the kernels are high in oil of excel­
lent quality. The residual cake is a good source of protein for poultry 
and livestock. Groundnut also is a cash crop for the farmers and 
furnishes a sizable export of considerable value for Sudan. 
In central Sudan, groundnuts are grown under irrigation, and this 
provides a stabilizing effect on production. VJhen relying only upon 
natural rainfall, constant production levels are not always possible. 
For example, in India, the lack of dependable monsoon rains makes the 
size of the groundnut crop quite variable. The majority of groundnuts 
produced in Sudan are grown under rain-fed conditions in the weathered, 
stabilized sand dunes (Qoz soils) of the west. The average production 
with rain is 400 kg per hectare, while the average production with irri­
gation is 701 kg per hectare. Are factors other than moisture, such 
as rhizobia present, affecting these yields? 
Sudan is characterized by a semi-arid climate with hot summer 
temperatures reaching 60°C in the surface 5 cm of the soil (Musa, 1972). 
The soils are extremely low in organic matter and deficient in nitrogen. 
Adequate indigenous reserves of the essential plant micronutrients, 
except molybdenum, have been found in these soils (Adam, 1982). Adam 
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showed that the hot dry months, which precede the growing season in the 
irrigated-production areas, tended to increase the levels of extractable 
micronutrients. Molybdenum was theorized to be adsorbed by the soils 
in a way similar to phosphates. Hadad (1981) found no improvement in 
nitrogen fixation by groundnuts when all the micronutrients except 
molybdenum were added to the soils in Sudan. Addition of molybdenum in 
a later study did not inprove nitrogen fixation by groundnuts (Hadad et 
al.. Agronomy Department, I.S.U., unpublished work). 
The soils in Sudan harbor a large population of rhizobia that can 
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nodulate groundnuts (Hadad et al., 1982). The values ranged from 10 to 
10^  rhizobia per g of soil as determined by the MPN-technique (Vincent, 
1970). These numbers could be somewhat low since they were determined 
during the dry season. Gibson et al. (1982) noticed that there were 
fewer Acacia Senegal rhizobia during the dry months in Senegal. Once the 
dry season ended, the numbers increased rapidly. 
Groundnut rhizobia in Sudan were found not to be totally efficient 
in fixing atmospheric nitrogen, as evidenced by the response of ground­
nuts to nitrogen fertilization (Hadad, 1981) and by their performance un­
der greenhouse conditions when tested with standard efficient strains of 
groundnut rhizobia (Hadad and Loynachan, Agronomy Department, I.S.U., un­
published work). Inoculation with efficient strains formulated in a peat-
base inoculant increased pod yield 35%, compared with a 50% increase when 
120 kg N per hectare was added (Hadad, 1981). The results of inoculation, 
however, were inconsistent. In the author's experience, fluctuations in 
groundnut yields are not uncommon under Sudanese conditions. 
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Many questions need to be answered regarding groundnut inoculation 
in Sudan. Can the applied rhizobia survive the high soil temperatures 
and desiccation to compete with the native rhizobia for nodule sites? 
How do soil pH, inoculum size, and host genotypes influence the competi­
tive ability of competing strains? What is the effect of adding the 
rhizobia in different inoculant carriers: peat base and oil base? 
While peat-base carriers are the popular form of inoculants in the 
United States (Burton, 1976), encouraging results were recently obtained 
with the oil-base inoculants (Kremer and Peterson, 1982). These authors 
further stated that the oil-base inoculant used in their inoculation 
trials increased the resistance of the applied rhizobia to stress condi­
tions. Stress conditions usually prevail in Sudan at the time of plant­
ing. Also, what is the effect of adding a single Rhizobium strain 
versus compositing the strains in an inoculant? Recently, Nambiar and 
Dart (1982) recommended that strain NC92, which was efficient with some 
of the groundnut cultivars used in their trials, not be mixed with 
other strains in order to obtain maximum yields. Finally, what effect 
does placing the inoculant at different depths below the seed have in 
protecting the rhizobia from high temperatures and desiccation? 
Schiffman and Alper (1968) found that deep placement of the inoculant 
resulted in higher nodule weights but decreased nodule numbers. 
The objectives of this study were to characterize and select for 
efficient Rhizobium strains for use as inoculant in order to improve 
groundnut yields under Sudanese conditions. 
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PART I. REVIEW OF LITERATURE 
6 
INTRODUCTION 
Legumes represent an important component of the agrosystem because 
of their ability to reduce atmospheric nitrogen to a usable form. Means 
of maximizing the nitrogen fixation potential of legumes, especially in 
the tropics, have received little attention until recent years. This 
is unfortunate because developing countries of the tropics are least 
able to afford synthesized nitrogen fertilizers. Soils in the tropics 
are characterized by being low in organic matter and, thus, are limited 
in their ability to produce crops due to severe deficiencies in soil 
nitrogen (Kang et al., 1977). Low levels of plant-available nitrogen 
in the soil should present conditions to maximize nitrogen fixation 
since inorganic soil nitrogen usually decreases nitrogen fixation. 
High levels of nitrate may exist in nonfertilized fields, however, for 
short periods following the dry season and impair nitrogen fixation 
(Gibson et al., 1982). 
Competition in Soil 
For rhizobia to establish a viable population in the soil, they 
must compete for both substrate and space in locations already occupied 
with the present biota in the rhizosphere as well as in the non-
rhizosphere soil. The competition may be particularly intense in the 
rhizosphere for use of plant exudates, and rhizobia may have a competi­
tive advantage in association with legumes. Rhizobia not only have to 
compete against general organisms in the rhizosphere, but also have to 
compete against other specific rhizobia for nodule sites (Schmidt, 1978). 
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Competition studies require the identification of the strains 
being tested. The development of ELIZA (enzyme-linked immuno­
sorbent assay) (Berger et al-, 1979), fluorescent antibody tech­
nique (Schmidt et al., 1968), agglutination reactions (Dudman 
and Brockwell, 1968; Gibson et al., 1976; Johnson et al., 1965; 
Roughley et al., 1976), gel immune diffusion (Dudman and Brockwell, 
1968), antibiotic markers in selected strains (Schwinghamer and Dudman, 
1973) , and the use of chlorosis-inducing strains (Means et al., 1961) 
allow recovery and identification of introduced strains. If an added 
strain has traits similar to the indigenous strain, one cannot use 
nodule occupancy as a measure of determining the success of competition 
in the soil. 
Strain Selection 
In selecting rhizobia for inoculants, Brockwell et al. (1982) 
pointed out the challenge facing the legume bacteriologists in select­
ing the rhizobia that are able to: 
(1) Compete successfully with naturalized strains of rhizobia for in­
fection sites on the root to form sufficient nodule tissue to permit 
maximum nitrogen fixation. 
(2) Persist in the soil for at least several years after their intro­
duction and form nodules annually on regenerating host plants 
or maintain nodulation on perennials. 
(3) Modulate the hosts promptly and at a high level of effectiveness 
over a range of environments. 
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Date (1975) detailed such environments and indicated the importance 
of Rhizobium strain tolerance to soil pH, pesticides, low and high 
temperatures, and their effectiveness in the presence of high amounts 
of nitrogen. He further indicated the importance of the ease of growth 
and survival in inoculant carriers and the ability to survive on inocu­
lated seeds. 
The complex factors involved in competition for nodule sites, 
though not well-defined, might involve inherent characteristics of both 
the host and the rhizobia. These were reviewed by Trinick (1982) 
and include: 
(1) Host influence on the infection process. 
(2) Relative numbers of the competing strains in the inoculum and on 
the root surface. 
(3) Relative growth rate of the competing strains. 
(4) Physiological state of the rhizobia at the time of inoculation. 
(5) Temperature, moisture, and nutritional levels. 
(6) Compatibility, expressed as efficiency, between the rhizobia and 
the host plant. 
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FACTORS AFFECTING COMPETITION 
Soil Temperature 
The high soil temperatures that prevail in the arid tropics could 
be a serious limitation to exploiting the benefits of growing legumes. 
Moderately high temperatures can induce plasmic loss with consequent 
loss of nodulating ability (Gibson et al., 1982) , although no evidence 
of plasmid loss was found by Eaglesham et al. (1981) in the tropics. 
The possibility of such an effect could have serious implications re­
garding effectiveness and nodulating ability of strains of rhizobia 
under tropical conditions. 
Adaptation to high soil temperatures has been reported in the 
literature for strains isolated from Acacia meliffera (Habish, 1970), 
and for strains from Stylosanthes gracilis and Pueraria javnica by 
Dobereiner (Gibson et al., 1982). With cowpea, Ahmed et al. (1981) 
isolated Rhizobium strains with variable tolerance to temperature depend­
ing on the location of isolation. Isolates from Marradi soils that are 
subjected to drought and extreme temperatures grew at 37°C. Very few 
of those from Onne soils, where the rainfall is 2500 mm, tolerated 37°C. 
Osa-Afiana and Alexander (1981) reported a wide variability in tolerance 
to temperatures with the cowpea Rhizobium strains that they studied. 
Soil temperature has been shown to influence the outcome of com­
petition studies based on strain tolerance. Two strains of Rhizobium 
1aponicum and a strain of Rhizobium sp. were used to inoculate soybeans 
at different temperatures in Nigeria. At 24 and 33°C, the Rhizobium 
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japonicum strains dominated the soybean nodules. At 36°C, however, 
most of the nodules (74 to 88%) were formed by the Rhizobium sp. 
Adaptation of the Rhizobium sp. strain to the high soil temperature 
(36°C) was thought to be the explanation for these data (Roughley et 
al., 1980). Elsewhere, soil temperatures also influenced the serologi­
cal distribution of the Rhizobium japonicum strains tested in soybean 
nodules at 10, 15, 20, and 30°C (Weber and Miller, 1972). In a 
detailed study using strains of Rhizobium japonicum by Munevar and 
Wollum (1981a), the survival and degree of variability in response to 
different temperatures were investigated on a temperature gradient 
apparatus. Three temperatures were identified: an optimum temperature 
giving maximum optical density at 96 hours (27 to 35.2°C), a maximum 
permissive temperature allowing for continuous increase in optical 
density during a 96-hour period (29.8 to 38°C), and a maximum survival 
temperature allowing for the growth of cultures after they were trans­
ferred to a uniform incubation temperature of 28°C (33.7 to 48.7°C). 
The authors were able to demonstrate strain differences and to select 
for temperature-resistant strains. 
Munévar and Wollum (1981b) also studied in more detail the effect 
of root temperature on the activities of certain strains of Rhizobium 
japonicum. Increasing the root temperature from 28 to 40°C decreased 
the number of nodules, specific nitrogenase activity, nitrogen content, 
and dry weight of the tops and roots of the inoculated soybeans. With 
some strains, however, the total nitrogenase activity and the nodule 
dry weights were improved when the temperature was raised from 28 to 
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33°C, while the nodule number was unaffected. In their view, the 
processes determining nodule initiation were affected differently than 
those associated with nodule growth. Furthermore, their results regard­
ing tolerance of the strains to the high temperature in pure culture 
agreed with their results when the strains were tested in symbiotic 
association with soybeans. This could be a practical way of choosing 
inoculum strains in locations where high temperatures prevail, such as 
in the tropics. 
Soil pH 
Although tropical legume rhizobia are reputedly able to tolerate 
lower soil pHs than temperate legume rhizobia (Norris, 1958), numerous 
exceptions are reported in the literature (Munns, 1977a,b). For 
example, Habish (1970) found a pH of 5.5 to 7.0 was the optimum level 
for effective nodulation by Acacia spp. rhizobia in Sudan. Modulation 
was absent below a pH of 5.5 and was greatly reduced at alkaline pHs. 
Toxicity by Mn and A1 was found to affect plant growth directly at low 
pH, while the effect on nodulation was indirect. Calcium deficiency at 
low pH also has been shown to decrease nodulation and symbiotic per­
formance (Edwards, 1977). 
Soil pH can influence the distribution of Rhizobium strains in 
the soil. Ham et al. (1971), working in Iowa with serogroups 135, 123, 
117, 110, 71A, 31, and 3, found a variability in strain distribution 
according to soil pH. Serogroup 135 was dominant at alkaline pHs, As 
the soils became less alkaline, serogroup 123 was dominant in soybean 
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nodules. This agreed with his pure culture studies where he found the 
lower pH limits for growth were 5.5 and 4.0 for serogroups 135 and 
123, respectively. In another study by Ham (1967) with soybean 
nodules collected from 69 locations in Iowa, serogroup 123 occupied 
65 percent of the total nodules serotyped and was dominant in locations 
with a pH below 7.5. Serogroup 135, on the other hand, dominated when 
the soil pH was above 7.8. A mixture of the two serogroups was ob­
tained between a pH of 7.5 and 8.0. Similar findings were obtained by 
Damirgi et al. (1967). Furthermore, they found that variability between 
soil sites in the same soil type was less than variability between soil 
types. 
In a study by Weaver and Frederick (1972b), liming an acid soil 
allowed individual strains a competitive advantage over other strains 
depending on strain tolerance to pH. Elsewhere, liming an acid soil 
to pH 6.5 increased the shoot weight of the inoculated groundnuts by 
30 percent, nitrogenase activity by 125 percent, nodule number by 112 
percent, and inoculant recovery by 19 percent (Graham and Donawa, 1981). 
Further liming to a pH of 7.1 decreased all these parameters relative to 
pH 6.5. It was therefore concluded that 6.5 was the optimum pH for the 
inoculum strains. The decrease in these traits at pH 7.1 was thought to 
have resulted from giving the native strains a competitive advantage 
over the inoculum strains. 
Host Plant Effect 
Vorhees (Caldwell and Vest, 1977) was the first to report the 
nodulation variability of a plant to be related to strains of Rhizobium. 
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This was observed on cultivars of soybean. Others have reported similar 
findings with other plants: sweet clover (Wilson, 1933), groundnuts 
(Wynne et al., 1980), and lentils, recently by May and Bohlool (1983). 
Therefore, nodulation responses, including non-nodulation, ineffective 
nodulation, Rhizobium-induced chlorosis, and nodule pattern and distribu­
tion, are thought to be indicative of host plant-Rhizobium interactions. 
This further suggests that genetic differences of both symbionts 
affecting nodulation and nitrogen fixation do exist. 
Wilson et al. (1937) demonstrated variation in the amount of 
nitrogen fixed by different varieties of soybeans associated with the 
same strains of Rhizobium japonicum. Similarly, Rhizobium japonicum 
strain 17 produced 9.6 mg of nitrogen per plant with Manchu soybeans 
and 31 mg nitrogen per plant with BlackO soybeans (Boyes and Bond, 1942). 
Competitive abilities were found to be positively correlated to compati­
bility when strains of Rhizobium trifolii were tested with cultivars 
of clover (Robinson, 1969). With soybeans, 20 varieties of soybeans 
were tested by Ham et al. (1971) under field and greenhouse conditions. 
Only Lincoln and Viking were not nodulated with serogroup 31. The most 
effective strain with Hawkeye soybean was serogroup 135, with Harosoy 
was 123, and with G^ . ussuriensis was serogroup 31. Caldwell and Vest 
(1968) found that a given soybean genotype had a selective preference 
for the strains of rhizobia that nodulate it. The same authors, in a 
later study (1970), reported that closely related soybean genotypes 
had similar distributions of Rhizobium .japonicum in their nodules. Such 
specificity also has been reported for other legumes: groundnuts 
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(Burton, 1976), and stylo (Pinto et al., 1974). 
May and Bohlool (1983), working with Rhizobium leguminosarum strains 
competing for nodule sites on different cultivars of lentils (Lens 
esculenta), found a variety by strain interaction. The competitive 
ability of strain Hawaii 5-0 was cultivar dependent. It was equally 
competitive with the Rhizobium strain Nitragin 128A12 on a Chilean 
variety, but was more competitive on a commercial variety and less 
competitive on two other tested cultivars. 
The extent of stimulation of Rhizobium by host plants is not clear 
from the literature. Peters and Alexander (1966) found that exudates 
from soybeans did not stimulate the growth of Rhizobium j aponicum more 
than exudates from other legumes. Plants other than legumes also can 
serve as hosts for nonspecific rhizobia (Nutman and Ross, 1970). In 
counting the number of Rhizobium trifolii and Rhizobium leguminosarum 
in soils and in the rhizosphere of nonhost plants grown in pots, they 
found that the ratio of the rhizobia in the rhizosphere to those 
rhizobia in the soil was greater than one. Recently, Reyes and Schmidt 
(1981) reported that the native soil Rhizobium 1aponicum strain 123 
was stimulated only mildly in the rhizosphere of nodulating and non-
nodulating isolines of soybeans, as well as in com and wheat rhizo-
spheres. This disagrees with the concept of specific stimulation by 
legumes often cited in the literature. 
Competition Between Strains for Nodule Sites 
Although factors responsible for the competitive ability of 
rhizobia in forming nodules are not well understood, strain numbers 
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in the rhizosphere, the physiological condition of the cells in inocula, 
and the relative growth rate of Rhizobium strains under a variety of 
environmental conditions could have a marked effect on the results of 
any competition study. The same factors in temperate climates likely 
play a role in the tropics, although little information is available on 
competition studies in the tropics. In some cases where information is 
becoming available, differences are being found between tropical and 
temperate legume-Rhizobium symbioses. A better understanding of tropi­
cal conditions is required and until this information is obtained, 
scientists will continue to inoculate legumes without guaranteeing 
effective results. 
In the tropics, Rhizobium strains with little symbiotic specificity 
are much more common. For example, groundnut (Arachis hypogaea L.) is 
nodulated by a large variety of rhizobia classified as the cowpea 
miscellany (Fred et al., 1932; Buchanan and Gibson, 1974) and although 
most of the soils in the tropics harbor a large population of such 
rhizobia that are highly infective (Nambiar and Dart, 1982), for the 
most part they are inefficient. Inoculation of soils with large cowpea 
rhizobia populations have (a) resulted in yield increases (Nambiar and 
Dart, 1982; Sundara Rao, 1971), (b) resulted in occasional yield in­
creases (Van Der Merwe et al., 1974), or (c) resulted in pod yield de­
creases (Subba Rao, 1976). Results are not consistent. Factors pre­
venting yield increases and/or the establishment of inoculant strains 
need to be identified. 
Recent work in Senegal has shown important fluctuations in the 
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numbers of rhizobia responsible for nodulating Acacia Senegal. Very 
few rhizobia were found during the dry season when the temperatures 
often exceeded 50°C. Once the rainy season began, the numbers in­
creased substantially (Gibson et al., 1982). Although the low numbers 
might favor introduction of new strains of rhizobia, the introduced 
rhizobia would need to survive the dry, hot conditions equally well 
as the native rhizobia to become established. Furthermore, unless 
such strains are selected for their ability to withstand adverse 
conditions, the benefit of inoculation might not extend beyond the 
year of inoculation. The ratio of cells in inoculants to those surviv­
ing in soils could have an influence on competition between strains. 
The importance of the number of cells in inocula was early 
recognized (Nicol and Thorton, 1941; Ireland and Vincent, 1968; 
Skrdleta and Karimova, 1969; Kapusta and Rouwenhorst, 1973). Working 
with soybeans in Iowa fields. Weaver and Frederick (1974) found that 
lOOOx rhizobia in the inoculum relative to the indigenous population 
was needed to result in 40 to 50% of the nodules to be formed by the 
4 inoculum strains. When an inoculum containing >3.3x10 rhizobia per 
seed was used in soils containing fewer than 12 rhizobia per g, both 
the number of tap and lateral root nodules increased. Neither nodule 
number nor total nodule mass was increased when the same inoculant 
3 dose was used in soils containing 10 rhizobia per g of soil. Inoculum 
recovery was related directly to the number of indigenous rhizobia in 
the soil. When an inoculant rate of 3.3x10^  rhizobia per seed was used 
3 in the same soils containing 12 and 10 rhizobia per g, the inoculant 
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recovery was 65 and 35%, respectively. Elsewhere, increasing the inocu­
lant rate from 10^  to 10^  per groundnut seed did increase the inoculum 
recovery in nodules (Graham and Donawa, 1981). Recently, Guar and 
Lowther (1982) observed that increasing the inoculation level of 
Rhizobium trifolii by lOx the normal rate of 10^  per seed increased 
the number of nodules formed by inoculant strains. Variation within 
individual strains, however, was found. Increased inoculation rates 
have been shown to consistently result in significantly better nodula-
tion and plant performance (Brockwell et al., 1980). 
When dealing with competition between inoculum strains, different 
views were presented in the literature. For example, Vincent and 
Waters (1953), Date and Vincent (1962), and Robinson (1969) agreed that 
complete dominance of a specific strain of Rhizobium in the host 
rhizosphere was not the determining factor in deciding which strain 
would form the majority of the nodules. Skrdleta and Karimova (1969) 
suggested that strain dominance in favor of the less competitive strain 
could be overcome by a large increase in the relative abundance of the 
weaker strain in the inoculum. Still another view presented by Franco 
and Vincent (1976) is that application of a heavy inoculum dose may 
reduce the multiplication on the root surface of inoculant strains; 
thus, the strains adhering to the root surface immediately after inocula­
tion may be different due to impeded growth of indigenous rhizobia. 
Date and Vincent (1962) found that when a strain of Rhizobium made up 
to 39% of the inoculum mixture at the time of inoculation, it had in­
creased to 49 and 53% in 5 and 33 days after inoculation, respectively. 
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Johnson and Means (1963) and Caldwell (1969) showed that strain 110 
of the soybean rhizobia was very competitive in the soil. It produced 
98 and 76% of the nodules when paired with strains 38 and 76, respec­
tively. Also, when strain 76 was paired with 38, it produced 95% of 
the formed nodules. Ham et al. (1971) also reported variation in com­
petitive ability of Rhizobium strains. In varying mixtures of Rhizobium 
japonicum serogroups 110, 120, 121, or 132 versus 123, 110 was found 
to be more competitive than 123. Serotypes 120 and 132 were found to 
be less competitive than 123. 
The relationship between competitiveness and effectiveness is not 
well understood. This necessitates a careful and thorough knowledge of 
the strains to be applied in an inoculum. Rhizobium strains used in 
commercial inoculants for groundnuts were compared with a wide range of 
other strains and found to vary in effectiveness (Law and Strijdom, 
1974). No correlation was observed between competitiveness and effective­
ness. Instead, low competitiveness was found to relate to the time 
required for nodule formation. Elsewhere, a correlation between poor 
nitrogen-fixing capacity and nodulating competitiveness was found (Pinto 
et al., 1974). The competitiveness, however, did not correlate with the 
time required for nodule formation. In a detailed study, the same 
authors (1974) examined the competition among strains of Rhizobium 
trifolii and Rhizobium meliloti in terms of relative numbers in the 
inoculum, on the root surface, and in nodules. Proportions on the 
root surface often varied from those added originally in the inoculum. 
Also, the strain numbers on the root surface did not necessarily predict 
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recovery from nodules. When the ratio of two strains recovered from 
nodules was compared to the ratio of the two strains on the root 
surface, the authors were able to calculate a competitive index; this 
was defined as the ratio of the nodules formed by a strain when two 
strains were equally represented on the root surface after inoculum 
application. The strains were found to vary in their ability to 
colonize the root surface and to occupy nodules. 
In another competition study between introduced (effective) and 
native (ineffective) strains of Ehizobium trifolii in Uruguayan soils 
(Labandera and Vincent, 1975), the success of the competing strains in 
forming nodules was related to the numbers on the root surface at 
intervals thought likely to be important to the time of root invasion. 
The calculated competitive index did not reveal any relation between 
the competing success and root surface representation. The effective 
strains were not competitive due to their relatively poor colonization 
of the root surface and a more rapid rate of growth by the native 
strains. 
Recently, Reyes and Schmidt (1981) used immunofluorescence in 
determining the population of the native Rhizobium japonicum strain 123 
on the root surface of field and pot—grown plants. They found that the 
2 
numbers fluctuated between a few hundred to over a thousand per cm . 
These numbers decreased as the root expanded. They found no effect due 
to other strain additions, or to organic or inorganic nitrogen amend­
ments. When strain 138 was added at ratios of 1:1 and 1:10, each 
strain was found to establish independently of the other, with 
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populations of both stabilizing at a few hundred per cm of root 
surface. 
Rhizobium Carriers and Methods of Inoculation 
Rhizobium researchers have studied different kinds of inocula in 
attempts to improve the survival and the persistence of introduced 
strains. Hamdi (1979) reviewed the work conducted on solid-base car­
riers and granular inoculants (Burton, 1976), liquid inoculants (Hely 
et al., 1976), preinoculation techniques (Thompson et al., 1975), and 
seed pelleting (Brockwell, 1962; Herridge and Roughley, 1974; Iswaran 
et al., 1970). 
According to Burton (1976), six kinds of inoculants are available 
in the United States: (a) moist peat powder, (b) liquid or broth, 
(c) agar or bottle culture, (d) oil-dried rhizobia in vermiculite, 
(e) lyophilized rhizobia in talc, and (f) granular-type inoculant in 
peat designed for direct application to the soil. In other countries, 
however, many attempts have been made to develop other kinds of carriers 
suitable for rhizobia. These include: 
(a) Soil plus material such as wood charcoal, coir dust (from the 
husk of coconut), soybean meal, or plant compost; 
(b) Peat amended with material such as alfalfa meal or ground 
straw; 
(c) Nile silt amended with minerals; 
(d) Decomposed maize cobs; 
(e) Finely ground bagasse (the residue from sugar cane pulp); 
(f) Coal-based inoculants; 
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(g) Decomposed date palm leaves, alfalfa plants, and city refuse; 
(h) Peat moss or lignite with 1% soybean powder; 
(i) Rice husks ; 
(j) Filter mud; and 
(k) Cellulose powder. 
These attempts are justified by the lack of peat and because these 
materials are cheap and readily available in developing countries. 
Different methods of inoculation have been attempted varying from 
seedbed inoculation to direct-seed inoculation. The final goal is to 
improve the survival and persistence of the applied strains. Several 
situations exist where seed inoculation could be an inefficient prac­
tice. For example. Burton (1976) and Brockwell (1977) presented the 
following situations: 
(a) Pre-emergence disease or insect attack may make it necessary 
to use seed dressings of fungicides and insecticides that 
are toxic to rhizobia; 
(b) Inoculation for broad area sowing of crop legumes with high 
seeding rates may be restricted; 
(c) Sometimes the seeds are too fragile to be inoculated (shelled 
groundnuts); 
(d) Some legumes such as soybean and clover frequently lift the 
seed coat out of the soil during emergence and the rhizobia 
on the seeds are not deposited in the soil; 
(e) The dimensions on the seed surface place a limit upon the 
number of rhizobia that may be applied, especially when 
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small-seeded legumes are used or where the naturally occur­
ring rhizobia present severe competition; and 
(f) The seed coats of some legumes contain materials toxic to 
rhizobia. 
Liquid and solid inoculant carriers also have been investigated by 
many research workers. Smith and Escurra (1979) evaluated three kinds of 
inoculants with soybean at high soil temperatures, under high moisture 
stress and under irrigation. The forms used were: granular soil inocu­
lant, peat powder, and liquid inoculant. The granular inoculant was 
found to be superior to the other two forms when tap root nodulation, 
total number of nodules, and the dry weight of the plants were evaluated. 
In applying the inoculants at lOx the initial rate (10^ ), only the granu­
lar form improved nodulation significantly. 
The method of inoculation may interact with the strains used. This 
was demonstrated by Boonkerd et al. (1978) who used strains 62, 76, and 
110 of Rhizobium .japonicum in liquid and peat inoculants. Each strain 
was applied at Ix, lOx, and lOOx in the liquid inoculant applied over the 
seeds, and at Ix and lOx for the peat inoculant applied directly to the 
seeds. Although nitrogen fixation was not inçroved by either method, 
strain recovery was influenced by the application method and by the rate 
of inoculant application. For example, strain 62 and 110 recoveries were 
increased when the rate of application was increased to lOx the initial 
rate in liquid but not in peat. The serogroup distribution was not af­
fected by changing either the application method or the inoculation level 
with strain 76 which was attributed to its poor competitive ability in soil. 
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Burton and Curley (1964), who compared the efficiency of liquid and 
peat-base inoculants applied directly to soybeans, concluded that both 
types of inoculants were effective when seeds were planted one day after 
inoculation. When the seeds were held for 7, 14, or 21 days before 
planting, the peat-base inoculant was superior in bringing about more ef­
fective nodulation and higher yields. The efficiency of the liquid inoc­
ulant did not improve by increasing the number of rhizobia two and a half 
times the initial dose. The superiority of peat-base inoculants has 
been reported elsewhere and was attributed to its sheltering of rhizobia 
from the toxic substances in the seed coat (Vincent, 1958), or due to 
its protecting the rhizobia from lime pelleting when compared to agar 
cultures (Shipton and Parker, 1967). 
Over an eight-year period, Brockwell et al. (1980) conducted experi­
ments with crop and pasture legumes using liquid, solid, and slurry 
inoculation. Inoculation by all methods improved nodulation of soy­
beans, chickpea, lupine, field peas, and subterranean clover growing in 
several different soil types. The only advantage of adding the inocu­
lant to the soil rather than to the seeds was when the seeds were 
treated with fungicides. Furthermore, the advantage of row rather than 
seed inoculation was apparent in their results since increasing the 
inoculant rate consistently improved nodulation and plant performance. 
When seed dressing was not applied, however, no differences were en­
countered regarding any of the treatments in terms of nodulation and 
plant response. The latter finding agreed with the work of Habish and 
Ishag (1974) and Nelson et al. (1978). Granular inoculant applications 
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may be justified when conditions of low moisture and high temperature 
prevail (Dean and Clark, 1977; Scudder, 1975). 
The rhizobia must be capable of sustaining themselves on the seed 
or in the soil in order to bring about effective nodulation. Vincent 
(1958), working on the survival of rhizobia, defined a K-value as the 
average logarithmic decline in viable count with time. He found K-
values of 0.028 to 0.109 and 0.12 for peat and agar, respectively, at 
25°C. McLeod and Roughley (1961) found values of 0.054 for freeze-
dried cultures at 25°C, and 0.078 and 0.64 for freeze-dried and peat 
cultures, respectively, at 37°C. Freeze-dried cultures were therefore 
thought to be a substitute for conventional peat inoculants. The same 
authors, when comparing freeze-dried and peat cultures, found that 
rhizobia in the former could retain their viability satisfactorily for 
six months at temperatures as high as 37°C. Under the same conditions, 
the number of rhizobia in peat cultures fell below the minimum standard 
after two months. Also, in greenhouse and field trials, freeze-dried 
cultures showed no loss of viability, gave satisfactory nodulation, and 
were at least as efficient as the conventional inoculants used. 
Recently, Kremer and Peterson (1982) cited Vincent's work that 
lyophilized rhizobia applied to seeds in aqueous suspensions survive 
more poorly than rhizobia applied in other forms. In an attempt to im­
prove the survival of rhizobia by minimizing the effects of heat and 
desiccation, the authors suspended rhizobia in a nonaqueous carrier 
(soybean or peanut oil heated at 12l°C for two hours to evaporate excess 
moisture). Strains of Rhizobium japonicum, Rhizobium phaseoli, Rhizobium 
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leguminosarum, peanut, and cowpea Rhizobium were tested for survival in 
peat and oil-base carriers under controlled conditions. Different 
temperatures and periods of stress were imposed. Oil-base inoculants 
were found to be superior to peat-base inoculants in promoting nodula-
tion under stress conditions. During the first two days of stress, 
a rapid decline in viable counts was noticed with cowpea Rhizobium 
and Rhizobium leguminosarum. A gradual decline followed until the end 
of the stress period (16 days). In contrast, Rhizobium phaseoli and 
groundnut rhizobia were characterized by a gradual decline throughout 
the entire period. Groundnut rhizobia with a final count of 10^  cells 
per seed was the most resistant to stress. 
Kremer and Peterson (1982) further showed that the oil-base inocu­
lants improved shoot dry weights and nitrogen contents of cowpea sigifi-
cantly over the peat-base inoculants, but there was no difference in 
the mass of nodules. The peat-base inoculants did improve the shoot 
weights and nitrogen content of cowpea over the control. With ground­
nuts, nodule mass, shoot weights, and total nitrogen, ail increased 
significantly upon inoculation with oil-base inoculants. 
The choice of the proper strain of Rhizobium to be applied in the 
proper form of inoculant to a compatible host plant may be critical to 
nodulation and nitrogen fixation in the tropics. As more information 
becomes available, positive results for obtaining a cheap nitrogen source 
for a still needy developing world will likely follow. 
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PART II. CHARACTERIZATION OF SUDANESE 
GROUNDNUT-NODULATING RHIZOBIA 
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INTRODUCTION 
Rhizobium strains and legume species with little symbiotic speci­
ficity are much more common in the tropics than in temperate regions of 
the world. The large heterogeneous cowpea group is characterized by a 
high degree of symbiotic promiscuity. Its classification, however, is 
supported mainly by data from a rather narrow range of legumes character­
istic of temperate zones (Norris, 1956). Further investigations of 
tropical isolates have been emphasized (Williams, 1967). 
Groundnut (Arachis hypogaea L.) is nodulated by members of the cow-
pea miscellany (Fred et al., 1932; Buchanan and Gibson, 1974). Members 
of this group are mainly thought to be slow growing and alkaline produc­
ing. Some inconsistencies were reported in Sudan by Habish and Kheiri 
(1968) who claimed that their groundnut Rhizobium isolates were fast 
growing and acid producing. Furthermore, their isolates did not nodulate 
cowpea, which made them separate from the cowpea group. Elsewhere, 
several strains of fast—growing rhizobia capable of nodulating cowpea 
and soybean have been reported (Zablotowicz and Focht, 1981). 
In Sudan, differences are often noted in soil characteristics re­
garding pH, organic matter, and total nitrogen. Environmental condi­
tions that prevail plus different crop rotations may affect the abun­
dance of indigenous groundnut rhizobia. The distribution of Rhizobium 
strains has been shown to vary with soil pH (Damirgi et al., 1967; Ham 
et al., 1971), temperature (Ahmed et al., 1981), available and organic 
nitrogen (Bezdicek, 1972), and with the frequency of occurrence of 
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soybeans in crop rotations (Weaver et al., 1972). Only limited research, 
however, has been conducted on the effect of such soil factors on 
groundnut rhizobia, especially in the tropics. 
Variations between groundnut rhizobia in efficiency in fixing 
atmospheric nitrogen are well-documented. Tropical rhizobia are appar­
ently highly infective but are not able to supply crops with all the 
required nitrogen needed to obtain maximum yields (Nambiar and Dart, 
1982). Gathering basic information concerning groundnut rhizobia may 
help in identifying the factors that limit the legume-Rhizobium 
symbiosis. Accordingly, this work was conducted to: 
(1) Assess groundnut rhizobia abundance in different production 
regions of Sudan and correlate the data to soil properties and the dura­
tion, presence, or absence of groundnuts in crop rotations. 
(2) Obtain Rhizobium isolates from fresh nodules of the commonly 
grown legumes in Sudan and study their growth and serological character­
istics. Test under greenhouse conditions the infectivity and efficiency 
of the isolates with a cultivar of groundnut from Sudan. 
38 
MATERIALS AND METHODS 
Soils and Rhizobium Abundance 
Thirty-two sites in Sudan of varying soil types and management prac­
tices were sampled at the beginning of the rainy season (June) for the 
first part of this study (Table 1). The sites were chosen in geographi­
cal regions with existing groundnut production (Central and Southcentral 
Sudan), and with potential groundnut expansion in Western Sudan, Western 
Sudan is considered west of the Nile River (Fig. 1). Three subsamples 
from each site were randomly taken from a 0 to 15-cm depth. Moisture 
and rhizobia number determinations were made within 24 h after sampling 
and the remainder of the soil samples were dried, crushed, passed through 
a 3-mm screen, and thoroughly mixed before chemical analyses were made. 
Rhizobium numbers were determined in growth pouches (Weaver and 
Frederick, 1972) using the MPN-technique (Vincent, 1970) with sirratro 
(Macroptilium atropupureum) as the test plant. The data were compiled 
and analyzed by constructing a correlation matrix. 
Characterization of Sudanese Rhizobia 
In the second part of the study, Rhizobium isolates were made from 
nodules collected in August from the commonly grown legumes in Sudan 
(Table 2). Difficulties with transportation via Landrover (Fig. 1) did 
not allow the Kazgail and Kadugli sites to be sampled for rhizobia 
number determinations in June but did allow nodule collections in August. 
The procedures described by Vincent (1970) for isolation and isolate 
authentication of rhizobia were followed. Colony characteristics were 
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Table 1. Soil characteristics^  of the survey locations in Sudan 
Soil 
No. Location Moist. Suspen­
sion Paste 
Organic Rhizobium y^ ars^  
: N No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
Âbunaama 
Abunaama 
Abunaama 
Abunaama 
Abunaama 
Abunaama 
Abunaama 
Abunaama 
Abunaama 
Abunaama 
Abunaama 
Abunaama 
Wad Medani 
Wad Medani 
Wad Medani 
Wad Medani 
Wad Medani 
Wad Medani 
Wad Medani 
Sennar 
Sennar 
Sennar 
Sennar 
Sennar 
Sennar 
Rahad 
Rahad 
Rahad 
Rahad 
El Obeid 
El Obeid 
El Obeid 
% 
9.89 
10.13 
10.13 
9.65 
10.13 
10.01 
10.13 
10.13 
10.13 
10.01 
9.76 
NDd 
9.65 
15.20 
10.25 
6.26 
6.38 
7.52 
6.04 
6.49 
9.52 
5.93 
6.38 
6.83 
6 .26  
6.95 
10.37 
10.37 
8.93 
8.93 
8.93 
10.13 
8 . 2  
8.9 
8 . 6  
8 .8  
8.6  
8 .6  
8.8 
8.7 
8 .8  
8 . 8  
8 . 8  
ND 
8 . 8  
8 .6  
8.9 
9.0 
9.0 
8.7 
8 . 6  
8.4 
8.5 
8.9 
8.5 
8.7 
8.7 
8 .8  
8.5 
8.7 
8.0 
6 . 6  
6.9 
6 . 8  
7.0 
7.9 
7.7 
7.8 
7.7 
7.7 
8 .0  
7.7 
7.7 
7.7 
7.7 
ND 
7.8 
7.9 
8.0  
8 .0  
8.5 
7.9 
8 . 0  
7.8 
7.9 
8 . 2  
8 .0  
7.9 
7.9 
7.8 
7.7 
8 .0  
7.4 
5.9 
6.5 
6.1 
% 
0.431 
0.463 
0.414 
0.406 
0.414 
0.406 
0.431 
0.378 
0.395 
0.378 
0.446 
ND 
0.492 
0.481 
0.492 
0.424 
0.460 
0.427 
0.416 
0.378 
0.359 
0.424 
0.323 
0.402 
0.323 
0.543 
0.477 
0.158 
0.101 
0.082 
0.101 
0.946 
PS g"^  
599 
588 
613 
588 
641 
616 
613 
578 
588 
574 
574 
ND 
616 
602 
630 
574 
564 
588 
602 
560 
613 
620 
560 
557 
585 
700 
641 
406 
333 
322 
333 
1246 
No.g~l soil 
l.lxl04 1 
2.4x10° °°c 
2.9xl04 1 
4.4xl04 1 
l.lxloS 1 
5.3xl04 2 
1.5x104 1 
4.2x104 2 
7.5X104 4 
4.4x104 3 
1.6X10^  1 
l.lxl04 =0 
l.lxl04 
1.5X104 2 
2.0x10* 1 
3.5x104 3 
3.5x104 2 
2.1x104 4 
7.3X104 1 
1.5X104 1 
l.lxl04 3 
2.4x10^  1 
1.5x10% 2 
2.0x104 4 
2.0x10* 3 
1.5x10* 1 
1.5x10^  °° 
2.7x10^  
ND . 1 
<3.0x10^  1 
1.1x10^  1 
1.5x104 
V^alues are averages of three replications. The moisture percentage 
is the moisture content at time of sampling, suspension pH was measured 
with a glass electrode at a soil:H20 ratio of 1:5, paste pH was measured 
in a saturated soil, organic carbon was measured by the Walkley-Black 
method, and organic nitrogen was measured by the Kjeldahl procedure. 
bYears since last planted to groundnut. 
Coo Refers to never planted to groundnut. 
dND not determined. 
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S U D A N  
Rahad 
Wad Medani«i 
Sennare 
l^ bu NaamamP 
Kadugli# 
Fig. 1. Locations in Sudan where samples were collected for abundance 
determinations and characterization of groundnut-nodulating 
rhizobia 
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Table 2. Legume of isolation and origin of the Rhizobium isolates 
used in the characterization study 
Iso­
late 
No. 
Legume of isolation 
Origin 
Common name Scientific name 
1 Green gram Phaseolus aureus Central Sudan (Wad Medani)^  
2 Pigeon pea Ca.ianus cai an Central Sudan (Wad Medani)^  
3 Cowpea Vigna ungiculata Central Sudan (Wad Medani)^  
4 Lubia Dolichos lablab Central Sudan (Wad Medani)^  
5 Bambara groundnut Voandzeia 
subterranea 
Western Sudan (El Obeid) 
6 Groundnut Arachis hypogaea Central Sudan (Wad Medani)^  
7 Groundnut Arachis hypogaea Southcentral Sudan (Sennar)' 
8 Groundnut Arachis hypogaea Southcentral Sudan (Sennar)" 
9 Groundnut Arachis hypogaea Western Sudan (Kazgail)^  
10 Groundnut Arachis hypogaea Western Sudan (Kazgail) 
11 Groundnut Arachis hypogaea Western Sudan (Kadugli)^  
12 8A11 Supplied by the Nitragin 
Company, Milwaukee, WI 
T^extural soil type is clay. 
T^extural soil type is sand. 
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studied on a Yeast Extract Mannitol (YEM) agar medium, containing 
bromthymol blue as a pH indicator. Growth in medium with different 
pHs, different sodium chloride levels, and following moist-heat 
exposure followed the methods of Graham and Parker (1964). Mannitol 
and glucose utilization was tested at 28°C in basal mineral medium (YEM 
minus carbon source) in Wheaton-Nephelo flasks placed on a waterbath 
shaker. Daily changes in percentage transmittance were monitored using 
a spectrophotometer at 525 nm. 
Agglutination reactions were used to study the serological identity 
of the isolates. For antigen preparation, the Rhizobium suspensions 
were heated in a waterbath at 100°C for 30 minutes to destroy the heat-
labile, nonspecific flagellar antigens. Antisera production followed the 
method of Vincent (1970). Readings were reported as strong agglutina­
tion (+4), partial agglutination (+3, +2, +1), or negative agglutination 
(-). 
Infectivity and the relative efficiency of the isolates in fixing 
atmospheric nitrogen were determined under greenhouse conditions using 
the Sudanese groundnut cultivar 'Barberton'. A nitrogen control (10 ml 
of 8 yg ml^  NH^ NOg solution added three times during the growth period), 
a standard Rhizobium strain known to be efficient on groundnut (8A11), 
and an uninoculated control were included. All treatments were repli­
cated four times in a completely randomized design. After two months of 
growth, nodulation and tissue dry weights were evaluated as indicators 
of nitrogen fixation. 
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RESULTS AND DISCUSSION 
Rhizobium Abundance as Influenced by Soil Characteristics 
Since the soils at Kazgail and Kadugli could not be sampled in June 
before planting and at the beginning of the rainy season when all other 
soils were sampled (Table 1), data for these sites are missing. We were 
concerned that the presence of a crop and the different time of year 
would affect the number of groundnut rhizobia in the soil. 
The soils that were sampled in June varied considerably in the 
parameters measured (Table 1). Soil pHs (paste) ranged from 5.9 to 8.5. 
In general, the soils from Central and Southcentral Sudan had neutral 
to alkaline pHs and the soils from Western Sudan had acid pHs. Also, 
the organic carbon content ranged from 0.08% for a sandy soil collected 
in Western Sudan to a characteristic 0.3 to 0.4% G for soils from 
Central and Southcentral Sudan. One exception was a soil from Western 
Sudan that was collected under Hashab (Acacia Senegal) seedlings, and 
had 0.9% organic carbon, and 1,246 pg g organic nitrogen. 
The correlation coefficients obtained between the different soil 
parameters and Rhizobium abundance are presented in Table 3. Only pH 
paste and pH suspension, and organic carbon and organic nitrogen were 
found to be significantly correlated. There was no apparent relation­
ship between MPN counts and soil parameters, or between MPN counts and 
the length of time since groundnuts were last in the rotation. Another 
soil parameter that possibly should be included in future studies is 
nitrate levels. Gibson et al. (1982) recently reported that the level 
44 
Table 3. Correlation coefficients (r) between soil characteristics and 
numbers of groundnut-nodulating rhizobia 
Parameter Mois (suspen- (Paste) Total Years^  
ture carbon nitrogen 
Moisture 
—0.10 —0.20 —0. ,12 0. ,08 0. ,11 -0. 02 
pH (suspension) 0.94** 0, ,11 0. ,12 0. ,29 0. 14 
pH (paste) 0. ,04 0. 05 0. 16 0. ,13 
Organic carbon 0. .96** 0, .11 0. ,18 
Total nitrogen 0, .08 0, .14 
MPN -0, .19 
e^ars since last planted to groundnut. 
**Significant at the 1% level of probability. 
of nitrates in the soils of Senegal during the dry months preceding 
groundnut planting could be responsible for depressed nodulation. 
Counts of the native rhizobial population, with sirratro as the 
test plant, showed that most of the soils in Sudan harbor a large popu­
lation of rhizobia that potentially can nodulate groundnuts. Rhizobia 
were found in sites never planted to groundnuts (Table 1). With the 
exception of a sandy soil from Western Sudan that contained fewer than 
2 3x10 rhizobia g (lowest detection level of the test), five soils 
never before planted to groundnuts contained an average of 4.9x10^  
-1 6 -1 
rhizobia g ; one of the samples had 2.4x10 rhizobia g . This com­
pares with averages of 2.3x10^ , 3.6x10^ , 2.9x10^ , and 3.7x10^  rhizobia 
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g ^  obtained from soils last planted to groundnuts 1, 2, 3, and 4 years 
ago, respectively. Either rhizobia are naturally part of the indigenous 
soil population or native legumes are serving as an inoculant source in 
Sudan for groundnut-nodulating rhizobia. 
Cultural and Physiological Characteristics 
All the isolates tested were short, gram-negative rods. The 
colonies were circular with entire margins and with raised to convex 
elevations. The colony sizes ranged from less than 1 mm to 3 mm in 12 
days when grown on YEM-agar. Most of the colonies absorbed bromthymol 
blue, but colonies of cowpea, lubia, and pigeon pea isolates did not 
absorb the dye. 
All isolates grew in YEM-agar amended with 0.1% NaCl (Table 4), but 
tolerances to 2% NaCl differed. The isolates from Sennar (ground­
nut) , cowpea, and bambara groundnut did not grow at the 2% NaCl concen­
tration. None of the isolates tolerated 3% NaCl (this is in agreement 
with data for the cowpea miscellany from Graham and Parker (1964)). 
Most of the strains survived the moist-heat treatment for 15 
minutes at 50°C, except the isolates from green gram, bambara groundnut, 
and a groundnut strain from Kazgail (Table 4). These data agree, in 
general, with the findings of Habish and Kheiri (1968) but disagree with 
the findings of Graham and Parker (1964). 
Utilization of glucose and mannitol was similar (Table 4), except 
that the isolates from lubia and pigeon pea utilized mannitol somewhat 
less efficiently than glucose (Fig. 2). 
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Table 4. Carbohydrate utilization and pH, sodium chloride, and moist-
heat tolerance of Sudanese Rhizobium isolates 
Growth^  
„b Carbo- Sodium Moist-
f hydrate^  chloride%^  heat^  
4 6 8 10 Glu- Man- g % % 3 
cose nxtol sure 
1 Green gram + + + + + + — 
2 Pigeon pea + + + + + + + 
3 Cowpea + + + + + — — + 
4 Lubia + + + ± + + + 
5 Bambara 
groundnut + + + + + — — -
6 Groundnut 
(Wad Medani) + + + + + + + 
7 Groundnut 
(Sennar) + + + + + — — + 
8 Groundnut 
(Sennar) + + + + + — — + 
9 Groundnut 
(Kazgail) + + + + + — — -
10 Groundnut 
(Kazgail) + + + + + + + 
11 Groundnut 
(Kadugli) + + + + + + + 
Isolate 
ment 
+^, ±, - refers to positive, partial, and negative growth, respec­
tively . 
p^H tolerance was determined in YEM-broth adjusted with NaOH or 
HCl; carbohydrate utilization was determined in basal salts medium 
with lOg L~1 glucose or mannitol; sodium chloride tolerance was 
determined in YEM-broth adjusted to 0.1, 2, or 3% NaCl; moist heat 
evaluated growth after 15 min. exposure to 50°C in YEM-broth. 
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Fig. 2. Mannitol and glucose utilization of lubia and pigeon pea rhizobia 
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None of the strains grew at pHs 4 and 10, but did grow at pHs 6 
and 8 (Table 4). Isolates could not be differentiated based on their 
rates of growth in media adjusted to the wide range of pHs tested. 
Infectiveness of the Isolates 
Each Rhizobium strain was identified by original host and tested 
for its ability to nodulate both sirratro and the groundnut cultivar 
'Barberton'. The presence or absence of nodules was assessed after two 
months of growth in the greenhouse (Table 5). 
All the isolates tested nodulated both sirratro and groundnut; 
this disagreed with the results of Habish and Kheiri (1968) who reported 
that groundnuts were not nodulated by isolates from cowpea, pigeon pea, 
and lubia (Dolichos lablab). The groundnut cultivar tended to produce 
more nodules when inoculated with isolates obtained from groundnuts 
than when inoculated with isolates obtained from other plant species. 
For example, the groundnut isolate from Wad Medani yielded a total of 161 
nodules per plant, while the isolate from pigeon pea gave only five 
nodules per plant. The two groundnut isolates from Sennar (trts 7 and 8) 
and one isolate from Kazgail (trt 9) gave relatively lower numbers of 
nodules, suggesting that these strains were not as infective as other 
groundnut isolates. 
The infectiveness of the isolates in forming nodules varied within 
as well as between locations. While one isolate from Kazgail (Western 
Sudan) gave 107 nodules per plant, the other isolate from the same loca­
tion produced significantly (P<0.05) fewer nodules (48 nodules per plant). 
49 
Table 5. Nitrogen fixation traits of groundnut after inoculation with 
Sudanese Rhizobium isolates 
Treat­
ment Isolate 
Viable 
cells 
added 
Nodules Top dry 
weight 
Root 
fresh 
weight 
No. ml"! No. plant"! g plant 1 
1 Green gram 1.7x10^  54.0def^  0.62ab 1.58ab 
2 Pigeon pea 9.8X106 5.0b 0.53ab 2.25ab 
3 Cowpea 1.9x10^  62.3cde 0.40b 1.40ab 
4 Lubia 1.5x10^  31.3efg 0.57ab 1.60ab 
5 Bambara 8.9x106 93.3bcd 0.68ab 1.28ab 
groundnut 
6 Groundnut 1.0x10^  161.3a 0.61ab 1.77ab 
(Wad Medani) 
7 Groundnut 3.36x10^  36.0efg 0.42b 1.50ab 
(Sennar) 
8 Groundnut 1.82x10^  19.Ofg 0.41b 1.28ab 
(Sennar) 
9 Groundnut 1.0x10^  48.3ef 0.46ab 1.17ab 
(Kazgail) 
10 Groundnut 1.22x10^  107.0b 0.67ab 1.28ab 
(Kazgail) 
11 Groundnut 3.8x10^  109.7b 0.82a 1.43ab 
(Kadugli) 
12 8A11 1.0x10^  95.0bc 0.60ab 1.80ab 
13 Uninoculated O.Og 0.58ab 2.50a 
control 
14 Nitrogen l.Og 0.81a 1.88ab 
control 
V^alues represent an average of four replications; means within 
the same column having a common letter are not significantly different 
at the 0.05 level of probability by the Duncan's Multiple Range Test. 
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Based on these nodulation results, it is justifiable to classify all 
the tested rhizobia as belonging to the cowpea group (Fred et al., 
1932). 
Nitrogen Fixation 
Nodulation and top dry weights of groundnuts have been shown to be 
positively correlated to Rhizobium efficiency in nitrogen fixation 
(Wynne et al., 1980). The isolated rhizobia in this study varied sig­
nificantly in the number of nodules and top dry weights produced (Table 
5). The groundnut isolate from Wad Medani (trt 6) produced significantly 
higher nodule numbers than the other isolates, including the standard 
strain 8A11, but most of the nodules in this treatment had white in­
teriors and approximately 90% were small and located on lateral roots. 
These traits suggest inefficiency in nitrogen fixation and agreed with 
the observations made by Hadad et al. (1982). Other groundnut isolates 
that resulted in high nodulation included Kazgail (trt 10) and Kadugli 
(trt 11). The nodules of these isolates were mostly located on the main 
root, had red interiors, and gave good top dry weights. Differences due 
to isolates in top dry weights and root fresh weights generally were 
small in this relatively short study. The large groundnut cotyledons 
were not removed and they presumably supplied some of the needed 
nitrogen. 
Isolates from legumes other than groundnuts generally performed 
poorly with the groundnut cultivar. The only exception was the isolate 
from bambara groundnut, which enhanced both nodulation and top dry 
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weights. Bambara groundnut (Voandzeia subterranea) is a legume native 
to the rain-fed areas in Western Sudan where 'Barberton' is commonly 
grown. This isolate could be characterized as an efficient strain with 
the 'Barberton' cultivar. 
Serological Identity of the Isolates 
Several of the groundnut rhizobia reacted with antisera produced 
from isolates from WadMedani, Kazgail, and the cowpea isolate (Table 6). 
An isolate from Kadugli and an isolate from Kazgail failed to react 
with any of the tested antisera. One isolate from Sennar failed to 
react with antisera from the Kazgail isolate and cowpea isolate, but 
agglutinated well with the antiserum from Wad Medani. Antigenical-
ly different strains therefore existed at different sites. This is simi­
lar to the findings of Damirgi et al. (1967), who studied soybean 
rhizobia from different locations in Iowa. 
Agglutination reactions with isolates from other legumes indicated 
that only the isolates from bambara groundnut and lubia were serologi­
cally distinct, since they failed to react with antisera from groundnut 
(Wad Medani and Kazgail) or from cowpea (Table 6). The isolate from 
green gram failed to react with the antiserum from the Wad Medani iso­
late, and the pigeon pea isolate did not react with the antiserum from 
the Kazgail isolate. 
This is an initial attempt in characterizing Sudanese isolates. 
Groundnut-nodulating rhizobia obviously vary at different locations and 
alternate hosts are capable of providing rhizobia that can nodulate. 
Table 6. Serological cross reactivity of rhizobia Isolated from different legumes and differ­
ent locations in Sudan 
Antigen 
Ground- Ground- Ground- Ground- Ground- Ground-
. . , nut nut nut nut nut nut Cow- Green Pigeon ^  . Bambara 
n serum (Wad (Kaz- (Kaz- (Sen- (Sen- (Ka- pea gram pea " roun 
Medani) gall) gall) nar) nar) dugll) 
Groundnut 
(Wad Medani) 
Groundnut 
(Kazgall) 
Cowpea 
+4' 
+4 
+4 
+1 
+4 
+2 
+4 
+2 
+2 
+2 +4 
+2 
+4 
+4 
+4 
+1 
+4 
Reactivity was evaluated by agglutination with +4 = strong agglutination, +3, +2, +1 
partial agglutination, and - = negative agglutination. 
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groundnut. Alternate-host rhizobia do not appear to be as infective 
as groundnut rhizobia. Work is needed to further classify the Sudanese 
rhizobia into various serogroups and to characterize serogroup 
distributions. 
54 
SUMMARY AND CONCLUSIONS 
Sudan is the fourth largest exporter of groundnuts in the world, 
yet little is known concerning the plant-rhizobia symbiosis. This 
study reports on the abundance of groundnut-nodulating rhizobia in the 
soils of Sudan as related to soil properties and the duration since 
groundnuts were last planted, and the physiological, serological, and 
nitrogen-fixing characteristics of Sudanese rhizobia. Thirty-two sites 
2 
were sampled; all but one contained greater than 3.0x10 rhizobia 
g soil capable of forming nodules on sirratro (Macroptilium 
atropupureum). Several of these soils had never been planted to 
groundnut. A correlation matrix indicated no relationship was present 
between soil rhizobial populations and the time since groundnuts were 
last planted in the rotation. Individual isolates of Rhizobium from 
six legumes : groundnuts (Arachis hypogaea), green gram (Phaseolus 
aureus), lubia (Dolichos lablab), cowpea (Vigna ungiculata), pigeon pea 
(Ca.janus ca.jan), and bambara groundnut (Voandzeia subterranea) were ob­
tained from four locations in Sudan. The isolates were aseptically 
added to surface-sterilized seeds of each legume grown in sterile 
vermiculite and the ability to form nodules was determined. All the 
plant species were nodulated by each of the isolates. All isolates 
grew in 0.1% NaCl amended media, but growth was variable in 2.0% amended 
media. Most, but not all, isolates grew after exposure to moist heat; 
exposure was for 15 min. at 50°C. Optimum pH for growth was, in general, 
between pH 6 and 8. Agglutination reactions indicated that isolates from 
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groundnuts, as well as isolates from other legumes, belonged to several 
serological groupings. Some of the isolates were found to form a large 
number of nodules on a Sudanese groundnut cultivar while other isolates 
formed only few nodules. 
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PART III: INOCULATION OF GROUNDNUT 
(PEAITOT) IN SUDAN 
59 
INTRODUCTION 
Little is known concerning the factors affecting nitrogen fixation 
of groundnut (peanuts) (Arachis hypogaea L.) in Sudan, one of the largest 
groundnut-producing countries in the world. Initial studies indicated 
that (a) commonly used herbicides and insecticides did not decrease 
yields, (b) the soil contained high populations of rhizobia capable of 
modulating groundnut, and (c) yields were not improved by adding P, K, 
S, Ca, Mg or niicronutrients, but were improved by adding nitrogen fertil­
izer (Hadad et al., 1982). îlukhtar and Yousif (1979) also have reported 
that groundnuts in Sudan respond to nitrogen fertilization. 
Since yield responses were found due to nitrogen additions, the 
native rhizobia apparently were not able to satisfy the complete nitrogen 
needs of the growing plants. The groundnut-nodulating rhizobia in 
Sudanese soils have been little studied (Musa, 1972), and no previous 
inoculation trials have been conducted. If the native strains are less 
than completely efficient in fixing nitrogen, they must be replaced in 
nodules by better strains if improved yields are to be realized. Hot, 
dry conditions in this tropical country during planting (60° soil temper­
atures have been reported by Musa (1972)), or other environmental factors 
may hinder establishment of inoculant strains. Also, the inoculant 
strains may be less competitive than the established native strains in 
forming nodules. 
Several methods of improving survival and persistence of inoculant 
strains in soils have been reported. These include deep placement of 
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inoculants (Sdiiffman and Alper, 1968; Marcarian, 1982; Wilson, 1975), 
mixing inoculant strains (Nambiar and Dart, 1982), and selection of 
inoculant carriers (Kremer and Peterson, 1982). The deep placement of 
inoculants may be beneficial in Sudan to reduce exposure to high temper­
atures that occur in the surface soil. Even though some advocate mixed 
inoculant strains, others cite the dangers in mixed cultures from 
(a) differential multiplication rates of the strains resulting in large 
differences in the final prepared inoculant, and (b) competition between 
the strains resulting in the least effective strain occupying the nodules 
(Date and Brockwell, 1976). Studies involving competition between 
inoculant strains and the existing native rhizobia require identifica­
tion of the competing organisms. Serological differences using agglu­
tination reactions is one technique that has been used to verify strain 
recovery (Roughly et al., 1976). 
This paper reports on investigations in Sudan to improve the 
nitrogen-fixing ability of groundnut. Specifically, strains that were 
found to be infective and efficient in nitrogen fixation in greenhouse 
tests on Sudanese cultivars were added to field-grown groundnuts at Wad 
Medani, Sudan. Additions were made as single or a mixture of strains, 
formulated in peat or an oil-base carrier, and placed with the seed or 
at 5 and 10 cm below the seed. 
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MATERIALS AND METHODS 
The field work was conducted in 1981 and 1982 during the rainy 
season (mid-June through October) on the heavy clay soils located at 
Wad Medani, Sudan. Total rainfall during the rainy season at this loca­
tion is approximately 200 mm and supplemental irrigation is required. 
Wad Medani is located between the Blue and the White Nile rivers, 120 
km southeast of Khartoum. The soils at this location are classified as 
Entic Pellusterts, fine, smectic, isohyperthermic, and the dominant clay 
is montmorillonite. The research site (Table 1) was previously planted 
to cotton. To ensure that nutrients other than nitrogen were not limit­
ing, a uniform application of macro- and micronutrients was hand applied 
to each plot (Table 2). Nitrogen fertilization at 120 kg ha ^  N as 
ammonium sulfate was applied as a treatment variable. The treatments 
were laid out in a randomized, complete block design with four replica­
tions in 1981 and with five replications in 1982. 
Groundnuts were hand planted on ridges 60 cm apart with an in-row 
spacing of 20 cm. Two seeds were placed in each hole. The plot size 
was 2.4 X 12 m, with four ridges per plot. The two cultivars used were 
'Ashford', a late-maturing, spreading variety (Virginia type) and 
'Barberton', an early-maturing, semibunch variety (Spanish type). Plant­
ing dates were the 18th and 19th of June in 1981, and the 16tu and 17th 
of June in 1982 for 'Ashford' and 'Barberton', respectively. Plots were 
irrigated approximately every fortnight, depending upon rainfall. All 
plots were hand weeded during the season to eliminate competition from 
weeds. 
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Table 1. Soil characteristics^  (0 to 20 cm) of the experimental site 
at Wad Medani, Sudan 
PH O.C. Total N CEC EC ESP Sand Clay 
% Ug g ^  cmol(NH^ )kg ^  — mmho/cm — % 
8.4 0.47 473 50 0.52 3.6 21 55 
C^haracterization of this soil reported earlier by Glenn et al. 
(1969). 
Table 2. Treatments^  applied to the Sudanese cultivars 'Ashford' and 
'Barberton' during the 1981 and the 1982 growing seasons at 
Wad Medani, Sudan 
Growing season 
ment 
No. 1981 1982 
1 Uninoculated control Uninoculated control 
2 Nitrogen control^  Nitrogen control^  
3 8A11 (peat) 8A11 (peat) 
4 TAL 309 (peat) TAL 309 (peat) 
5 Peat mixture (s)c Peat mixture (8A11 & TAL 309) 
6 Peat mixture (5)^  Oil mixture (8A11 & TAL 309) 
7 Peat mixture (10) c 8A11 (oil) 
8 TAL 309 (oil) 
Treatments were replicated four times in 1981 and five times in 
1982. All treatments received a uniform application of macro- and 
micronutrients as shown below: 
(triple superphosphate) 
(muriate of potash) 
Phosphorus: 40 kg P2O5 ha 
Potassium: 40 kg K2O ha~^  
Sulfur: 45 kg S ha~^  (elemental sulfur) 
Boron: 0.5 kg B ha~^  (borax) 
Iron: 0.5 kg Fe (6% Fe in chelate) ha~^  
Copper: 2 kg Cu (CuS04"5H20) ha"^  
Manganese: 15 kg Mn (MnS04'H20) ha~^  
Zinc: 0.6 kg Zn (14.2% Zn in chelate) ha~^ . 
N^itrogen: 120 kg N ha ^  (ammonium sulfate). 
fixture of strains 8A11, TAL 309, 25B7, and 26Z6 applied at the 
sowing depth(s), and at 5 and 10 cm below the seeding depth for treat­
ments 5, 6, and 7, respectively, in 1981. 
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Rhizobium Strains 
Two strains were used in the field studies both years (Table 2): 
8A11 (obtained from the Nitragin Company of Milwaukee, Wisconsin) and 
TAL 309 (obtained from North American Plant Breeders, Princeton, 
Illinois). Strains 26Z6 and 25B7, supplied by the Nitragin Company, 
were additionally used in a peat carrier in the 1981 field studies, 
but data are not presented. 
Strain selection for field study was based on greenhouse effi­
ciency testing. Seeds of two popular Sudanese cultivars, 'Ashford' and 
'Barberton', were planted in 4-L containers of a sand-perlite mixture, 
g 
inoculated with 1x10 cells of a specific Rhizobium strain, and grown in 
the greenhouse for two months. Color, top dry weights, and nodule 
numbers were determined at harvest. 
Methods of Inoculation 
The peat carrier (1981 and 1982 seasons) was prepared as a granular 
inoculant by the Nitragin Company. The oil carrier (1982 season) con­
sisted of freeze-dried Rhizobium cells prepared by Drs. Peterson and 
Kremer at Mississippi State University, Starkville, Mississippi. Both 
inocula were added at rates to give approximately 10^  viable Rhizobium 
cells per two groundnut seeds. Viable populations were determined in 
growth pouches (Weaver and Frederick, 1972) by the most probable number 
(MPN) technique (Vincent, 1970) with sirratro (Macroptilium atropurpureum) 
as the test plant. 
In all but the deep placement studies, the inoculant was furrow 
applied by hand at the sowing depth (5 cm below the soil surface). A 
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scooping device was prepared that allowed the workers to add a con­
sistent volume of the granular inoculant to each pair of groundnut seeds. 
The oil-base inoculant was seed applied after the Rhizobium cells were 
suspended in groundnut oil (Kremer and Peterson, 1982). Mixtures of the 
strains to give a total of 10^  viable Rhizobium per two groundnut seeds 
in peat and oil-base carriers were applied at the seeding depth in the 
1982 season. Seeds and applied inoculant were immediately hand covered 
with soil after sowing and were irrigated within 24 h. For the deep 
placement treatments (1981), a stick was used to open a furrow at 10-
and 15-cm depths on top of each ridge, where the inoculant was placed 
(the inoculant contained a mixture of strains in peat to give approxi­
mately 10^  cells per two groundnut seeds). The furrows were immediately 
filled with soil to within 5 cm of the soil surface and the groundnut 
seeds were planted. The ridges were then completely reformed by hand to 
their original contour. 
Sampling and Harvest 
For assessment of the nitrogen-fixing traits, a section of row con­
taining one dozen plants beginning 1/2 m from the end of the plots from 
the outer two rows was sampled during the early flowering stage one 
month after sowing. Nodule counts, shoot dry weights, and Kjeldahl 
nitrogen of the shoots were determined. Fifty representative nodules, 
25 main-root and 25 lateral-root, were randomly selected for each treat­
ment. The nodules were transferred to test tubes containing silica gel 
for desiccation and transported to the laboratory at Iowa State 
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University for Rhizobium isolation and the determination of nodule 
occupancy. 
Plot harvest was preceded by light irrigation to minimize pod 
losses. The plants in 10 m of the center two rows in each plot were dug 
for pod yield determinations. The harvests were approximately 90 and 
120 days after sowing for 'Barberton' and 'Ashford', respectively. 
Determination of Nodule Occupancy 
Agglutination reactions were used in identifying strains recovered 
from nodules. Antisera were prepared for strains 8A11, TAL 309, and 
for a native strain from the research site (Wad Medani). For antigen 
preparation, the Rhizobium suspensions were heated in a waterbath at 
100°C for 30 min. to destroy the heat-labile, nonspecific flagellar 
antigens (Vincent, 1970). Titers of at least 1280 were obtained for 
each after rabbit injection. Results were reported as positive or nega­
tive agglutination. 
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RESULTS AND DISCUSSION 
The Rhizobium strains used as inoculants in the field were selected 
based on greenhouse efficiency testing with the Sudanese cultivars 
'Ashford' and 'Barberton' (Table 3). Statistically significant differ­
ences were found among strains in color, top dry weights, and nodule 
numbers. Strains 8A11, TAL 309, 25B7, and 26Z6 appeared to be four of 
the better strains on both cultivars and were selected for field appli­
cation in 1981. Only the two best strains, 8A11 and TAL 309, were used 
in 1982 because the addition of the oil-base carrier dictated a reduc­
tion in the total number of strains tested. 
Strains and Cultivars 
Data for common treatments in both 1981 and 1982 are presented in 
Table 4. The 'Ashford* cultivar (Virginia type) was generally better 
nodulated (significant at the 0.01 level of probability) and the pod 
yields were higher than those of the 'Barberton' cultivar (Spanish type). 
Added nitrogen fertilizer tended to decrease nodule number and 
nodule mass but increased top dry weight, tissue nitrogen, and pod yield. 
The top dry weights of the 'Ashford' cultivar with nitrogen fertilizer 
were excelled only by inoculation with 8All in 1981 (although not sig­
nificant) and the top dry weights of both 'Ashford' and 'Barberton' with 
nitrogen fertilizer exceeded all other treatments in 1982 (P<0.05). The 
effect of nitrogen also was evident in pod yield. 'Barberton' yields 
with added nitrogen were statistically (P<0.05) better than the control 
and the two inoculated treatments in 1982. While the yields of 'Ashford' 
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Table 3. Greenhouse screening for nitrogen-fixing traits with the 
cultivars 'Ashford' and 'Barberton' 
*Ashford' 'Barberton' 
Treatment Color® Top dry 
weight 
Nodule 
number Color* 
Top dry 
weight 
Nodule 
number 
-1 -1 -1 g plant No. plant g plant No. plant 
Uninoculated 
control 2.00d 0.60ab O.Oe 2.40e 0.42cd 0.0c 
Nitrogen^  
control 5.00a 1.15a O.Oe 5.00a 1.24a 0.0c 
Wad Medani^  3.75abc 0.65ab 23.0cde 2.75e 0.45bcd 10.8c 
Sennar^  4.00abc 0.79ab 66.8abc 3.60cd 0.49bcd 31.2bc 
26Z6e 5.00a 0.67ab 43.2bcde 4.40abc 0.61bcd 72.6a 
8A11® 5.00a 0.98ab 83.0ab 4.40abc 0.67bcd 63.8a 
USDA 3184^  3.50bc 0.43b 26.5cde 3.00de 0.37d 17.8a 
USDA 3187^  3.00cd 0.55b 4.5de 2.60e 0.43cd 1.2c 
25B7e 5.00a 0.81ab 56.0bcd 4.40abc 0.77b 64.6a 
USDA 3179^  3.33bc 0.68ab 112.3a 3.75cd 0.44cd 75.0a 
176A22f 4.50abc 0.69ab 54.3bcde 4.00bc 0.50bcd 29.2bc 
TAL 3098 5.00a 0.94ab 64.8abc 4.80ab 0.73bc 47.6ab 
Visual color rating two months after planting: 5 for dark green, 
4 and 3 for intermediate colors, and 2 for yellow. 
V^alues are averages of five replications ; means within the same 
column followed by a common letter are not significantly different at 
the 0.05 level of probability by the Duncan's Multiple Range Test. 
CTen ml of 8 pg N ml ^  NH^ N03 solution applied three times during 
the 8-week growing period. 
I^solates collected from Sudan in the summer of 1981. 
S^upplied by the Nitragin Company, Milwaukee, WI. 
S^upplied by Nitrogen Fixation Laboratory, Beltsville, MD. 
S^upplied by North American Plant Breeders, Princeton, IL. 
Table 4. Effect of the common treatments In 1981 and 1982 on the nitrogen-fixing traits of the 
cultivars 'Ashford* and 'Barberton', Wad Medani, Sudan 
Modulation Yield 
Treatment Number Mass Top dry weight Tissue nitrogen Pod 
1981 1982 1981 1982 1981 1982 1981 1982 1981 1982 
-1 -1 -1 -1 
—No. plant mg plant —g plant % kg ha --
Ashford 
Uninoculated 
control 73.0a® 95. Oab 19. 00b 69. 20a 3.33a 6. 28b 3. 48a 2, 72ab 1743.1a 1628. ,5a 
N-control^  38.0a 81. ,0b 26. 25ab 66. 40a 3.65a 10. 82a 3. 49a 3. 07a 1899.3a 1711. ,8a 
8A11 63.0a 128. ,0a 40. 50a 84. 00a 4.58a 6. 25b 3. 26a 2. 83ab 1697.9a 1597. 2a 
TAL 309 69.0a 96. Oab 29. 25ab 78. 00a 3.55a 5. 22b 3. 36a 2. 51b 1625.0a 1743. la 
Barberton 
Uninoculated 
control 52.0a 70. Oa 17. 25a 50. OOab 2.91a 4. 58b 3. 82ab 2. 67a 1350.7a 579. 9b 
N-control^  36.0a 64. Oa 17. 00a 33. 60b 3.58a 9. 48a 3. 93a 2. 72a 1437.5a 909. 7a 
8A11 47.0a 61. Oa 18. 50a 55. 60a 3.18a 5. 12b 3. 63bc 2. 68a 1333.3a 680. 6b 
TAL 309 41.0a 78. Oa 25. 75a 67. 20a 2.95a 5. 08b 3. 40c 2. 58a 1454.9a 684. Ob 
V^alues are averages of four observations in 1981 and five observations in 1982; means for 
each cultivar within the same column followed by a common letter are not significantly differ­
ent at the 0.05 level of probability by the Duncan's Multiple Range Test. 
bAdded at sowing as ammonium sulfate at 120 kg ha ^  N. 
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were not statistically enhanced at the 0-05 level of probability, a 
trend favoring the nitrogen treatment was present, especially in 1981. 
Pod yields in 1982 were consistently lower, especially with 'Barberton', 
than yields in 1981. In the author's experience, fluctuation in ground­
nut yields under Sudanese conditions is not an uncommon phenomenon. 
Little differences were found between the plots inoculated with 
8A11 or TAL 309 and the uninoculated controls. There was a trend 
favoring tissue dry weights and tissue nitrogen with the application 
of strain 8A11 over TAL 309, but this was not reflected in improved pod 
yields. An analysis of variance showed a significant cultivar by strain 
interaction for nodule mass, but only at the 0.10 level of probability 
(Table BIO). Strain 8A11 produced significantly (P<0.05) greater nodule 
mass than the uninoculated control with the 'Ashford' cultivar in 1981 
and strain TAL 309 tended to produce greater nodule mass than the un­
inoculated control both years with the 'Barberton* cultivar. 
Mixing Inoculant Strains 
Commercial inoculants usually contain two or more strains to safe­
guard against the failure of a single strain addition. The data for com­
paring single Rhizobium strains in peat and oil-base carriers versus 
mixed strain additions are presented in Table 5, No differences were 
found, in general, between the single and mixed additions in either 
carrier. Since this soil contained a large population of native 
rhizobia that was successful in nodulating groundnuts (as evident by 
the high number of nodules in the uninoculated controls), the responses 
of single versus mixed cultures may have been obscured by the native 
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Table 5. Effect of peat and oil-base carriers on groundnut nitrogen-
fixing traits in the 1982 season. Wad Medani, Sudan 
Nodulation Yield 
Treatment® Number Mass Top dry Tissue 
weight nitrogen 
Uninoculated 
control 
N-control^  
8A11 
Peat 
Oil 
TAL 309 
Peat 
Oil 
Peat 
Oil 
No. plant 
82.0a 
73.0a 
95.0a 
84.0a 
88.0a 
84.0a 
87.0a 
97.0a 
-1 -1 -1 
mg plant g plant 
Uninoculated 
59.16bc 
50.00c 
5.43b 
10.15a 
Single Inoculant 
69.80ab 
58.80bc 
74.30a 
62.40abc 
Mixed Inoculant 
5.69b 
5.01b 
5.14b 
4.87b 
d 
72.60a 
65.80ab 
5.15b 
5.79b 
% 
2.70ab 
2.89a 
2.76ab 
2.59b 
2.55b 
2.60b 
2.55b 
2.61b 
Pod 
-1 kg ha 
1104.2abc 
1309.0a 
1138.9abc 
1000.Obc 
1211.8ab 
899.3c 
1211.8ab 
1062.5abc 
E^xcept for the uninoculated treatments, viable rhizobia were 
added at 10^  per two groundnut seeds. 
M^eans of 10 observations, since there was no significant culti-
var by treatment interaction (P<0.05) (Appendix B) , the means for 
both cultivars 'Ashford' and 'Barberton' were pooled; means within the 
same column followed by a common letter are not significantly differ­
ent at the 0.05 level of probability by the Duncan's Multiple Range 
Test. 
-1 
Added at sowing as ammonium sulfate [(NH^ )2S0^ ] at 120 kg ha N. 
"^ Mixture of the Khizobium strains 8All and TAL 309. 
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rhizobia. 
Inoculant Carriers 
Inocula used in MPN determinations were carried to the field during 
planting, handled in similar fashion as the applied inoculant, and then 
returned to the laboratory for determination of viable counts. When 
calculated for the number of viable Rhizobium cells per two groundnut 
seeds, both peat and oil-base inocula gave counts exceeding 10^ . The 
4 -1 population of the native rhizobia was 2.1x10 rhizobia g of soil. 
The peat carrier appeared to be superior to the oil carrier (Table 
5). Pod yields with strain TAL 309 were statistically greater with the 
peat carrier. Furthermore, although differences were not significant at 
the 0.05 level, most values for nodule number, nodule mass, top dry 
weights, and pod yields were consistently greater with the peat carrier 
compared with the oil carrier. When exposed to 16 d of temperature-
moisture stress, Kremer and Peterson (1982) earlier reported higher 
rhizobia populations from seeds inoculated with an oil-base carrier 
than seed inoculated with a peat-base inoculant. In this study, plots 
were irrigated within 24 h after sowing. 
Shelled groundnuts are very fragile for direct inoculation. The 
decrease in the nitrogen-fixing traits and pod yields with the oil-
base xîtOculant (Table 5) may suggest (a) poor adherence of the bacteria 
to the seed following inoculation, (b) poor survival on the seed after 
inoculation, or (c) the oil application to the seed may have interfered 
with plant growth. The latter suggestion is supported by the low top 
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dry weights, tissue nitrogen, and pod yields obtained with the oil 
treatments compared with the uninoculated controls. Both the single 
inoculants and the mixed inoculants in oil had lower values for most 
of these traits. 
Nodule occupancy data (Table 6) indicated little differences in the 
percentage of TAL 309 occupying nodules due to oil or peat carriers. 
Table 6. Groundnut nodule occupancy in the treatments receiving strain 
TAL 309, Wad Medani, Sudan, 1982 
Inoculant Occupancy^  
carrier Main root nodules Lateral root nodules 
Peat 38.0+4.7 36.017.1 
Oil 30.0±2.0 44.0±4.3 
e^ans ± S.E. of 50 nodules identified per treatment. The 
indigenous rhizobia in Wad Medani soils (Sudan) were serologically 
distinct from TAL 309; the native population was estimated by the MPN 
to be 2.1x10^  groundnut-nodulating rhizobia g~^  in the top 15 cm of 
soil. The inoculant was added at 10^  rhizobia per two groundnut seeds. 
The Wad Medani isolates, obtained from the control plots, were serologi­
cally identical to 8A11 and antisera reactions could not be used to 
determine 8A11 strain recovery. The peat carrier resulted in equal 
percentages of main and lateral-root nodules but the oil carrier gave 
a higher percentage of lateral-root nodules occupied by TAL 309. The 
increase in strain TAL 309 recovery from the oil carrier in the lateral-
root nodules may indicate late infection that was not reflected in the 
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measured nitrogen-fixing traits (Table 5). The oil carrier might have 
protected the rhizobia longer than the peat carrier. 
Depth of Inoculant Placement 
As the depth of inoculant placement increased, top dry weights in­
creased and pod yields tended to improve (Table 7). The number of 
Table 7. Effect of the placement depth of inoculant on nitrogen-
fixing traits of groundnuts, Wad Medani, Sudan, 1981 
Modulation Yield 
Treatment 
Number Mass Top dry Tissue 
weight nitrogen Pod 
Uninoculated control 
N-control^  
Inoculum mixture(s) 
Inoculum mixture (5)^  
Inoculum mixture (10)^  
No. 
plant"! 
62.0a 
36.0a 
43.0aC 
58.0a 
46.0a 
mg 
plant ! plant 
18.13a 3.11b 
34.13a 3.11b 
27.13a 3.13b 
22.00a 3.31ab 
26.13a 3.98a 
g 
-1 % 
3.65ab 
3.71a 
3.43bc 
3.39c 
3.48bc 
kg ha ^  
1545.1a 
1666.7a 
1638.9a 
1666.7a 
1753.5a 
a -1 Added at sowing as ammonium sulfate [(NH^ )2S0^ ] at 120 kg ha N. 
M^ixture of the Rhizobitan strains 25B7, 8A11, TAL 309, and 26Z6 
in peat-base inoculant placed at the seeding depth(s), and 5 and 10 
cm below the seeding depth, respectively. 
V^alues represent an average of 8 observations; since there was 
no cultivar by treatment interaction (P<0.05) (Tables B14-B18), the 
observations for both cultivars 'Ashford' and 'Barberton' were pooled; 
means within the same column followed by a common letter are not sig­
nificantly different at the 0.05 level of probability by the Duncan's 
Multiple Range Test. 
nodules per plant and the weight of nodules per plant were unaffected 
by the placement depths. This disagrees with the weight-compensation 
phenomenon suggested by Schiffman and Alper (1968). Also, unlike the 
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results in soil with no (Wilson, 1975) or few (Marcarian, 1982) 
rhizobia, the distribution of nodules along the root in this soil with 
a high indigenous population was not related to the depth of inoculant 
placement. Visual observations of the nodules indicated a rather uni­
form distribution throughout the rooting system. 
Results of these studies failed to demonstrate decided yield ad­
vantages with inoculation, regardless of method or depth of placement. 
The soils contained an active, native population of groundnut-nodulating 
rhizobia. An added strain (TAL 309), however, could successfully com­
pete for nodule sites with the indigenous rhizobia. Adding 120 kg N 
-1 ha resulted in improved growth parameters, suggesting not all of the 
nitrogen requirements could be met by nitrogen fixation. Perhaps in 
these soils of low organic carbon, low rates of nitrogen mineralization 
and the quantities of nitrogen in groundnut cotyledons are not adequate 
to successfully establish the plant, without stress, before nitrogen 
fixation becomes fully active. Further, carbohydrate partitioning be­
tween nodules and plant tissue may reduce growth and yields when plants 
are required to depend on fixation for their nitrogen supply. The re­
sults of this study suggest that additional work is needed to identify 
aggressive, temperature adaptive, efficient strains for use in Sudan 
and to more fully understand factors affecting symbiotic nitrogen fixa­
tion in tropical soils. 
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SUMMARY AND CONCLUSIONS 
Greenhouse, field, and laboratory studies were conducted to evalu­
ate nitrogen fixation by groundnuts (Arachis hypogaea L.) in Sudan. 
Rhizobium isolates were screened in the greenhouse for infectivity and 
efficiency on the two Sudanese groundnut cultivars 'Barberton' and 
'Ashford'. Significant differences in both traits were found among the 
eight strains screened. Strains 8A11 obtained from the Nitragin Company 
and TAL 309 obtained from North American Plant Breeders were two of the 
more effective strains. In studies in Sudan on soil (Entic Pellusterts) 
between the Blue and White Nile Rivers, both 'Ashford' and 'Barberton' 
were inoculated with selected strains (a) added singly or in mixture, 
(b) formulated in peat or oil-base carriers, and (c) placed with the 
seed or at 5 and 10 cm below the seed. Inoculation, in general, re­
sulted in little improvement in nitrogen-fixing traits or pod yields, 
and did not equal the improvements obtained by adding 120 kg ha ^  N 
as ammonium sulfate. Control plots were heavily nodulated by the 
indigenous rhizobia. Trends did favor the peat carrier over the oil 
carrier and placing the inoculant at the 10-cm depth below the seed. 
Antisera were prepared for strain identification. Of the strains used 
in the field studies, only TAL 309 was serologically distinct from the 
native population. This distinct strain occupied 38 and 36% of the 
main and lateral-root nodules, respectively, when applied in the peat 
carrier and 30 and 44% of the main and lateral-root nodules when applied 
in the oil-base carrier. Both treatments were applied at >10^  viable 
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Rhizobimn cells per two groundnut seeds. With a native population of 
4 -1 2,1x10 rhizobia g of soil, the inoculant strain seemed to be fairly 
competitive with the indigenous rhizobia in spite of the hot, dry con­
ditions present at the time of groundnut planting. 
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PART IV: NITROGEN FIXING EFFICIENCY AND COMPETITIVENESS OF 
THREE SEROLOGICALLY DISTINCT GROUNDNUT (PEANUT)-
NODULATING RHIZOBIA 
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INTRODUCTION 
In many developing countries, especially in Africa, groundnut 
(Arachis hypogaea L.) is an important protein source in the diet of 
the local inhabitants. The groundnut plant relies upon its symbiotic 
association with root-nodule bacteria for nitrogen fixation. Several 
workers have demonstrated differences in nitrogen fixation efficiency of 
groundnut rhizobia (Graham and Donawa, 1981; Weaver, 1974; Wynne et al., 
1980), but little is known concerning differences in the competitive 
ability among strains. Further, very little is known about the ground-
nut-nodulating rhizobia of the tropics. In one study, isolates of 
Rhizobium phaseoli from tropical soils were found to be more beneficial 
for use as inoculants than exotic strains and resulted in improved 
yields of common beans (Elnadi et al., 1971). This suggests that local 
isolates should be screened for infectivity and efficiency before intro­
duction of alien strains. 
The role of the host plant in the symbiosis is well-documented 
(Vincent and Walters, 1953; Caldwell and Vest, 1968). Wynne et al. 
(1980) also reported a significant host genotype by strain interaction 
for several nitrogen-fixing traits with groundnut. The effect of the 
environment is less well-documented and little is known concerning en­
vironmental influences on the competition among strains to occupy 
nodule sites. Graham and Donawa (1981) showed with groundnut that in­
creasing the pH of an acid soil from 4.6 to 6.5 increased the percentage 
of inoculant recovery in nodules, but further increasing the pH to 7.1 
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reduced the percentage recovery below that found at pH 4.6. 
Competition among Rhizobium strains to occupy nodule sites may be 
the determining factor in the success of inoculation practices, 
especially if the soil contains indigenous rhizobia. Host genotype 
(May and Bohlool, 1983), Rhizobium strains (Trinick, 1982), and pH 
(Graham and Donawa, 1981; Weaver et al., 1972) all may influence the 
outcome of competition studies. The use of ultra high inoculum rates, 
suggested by Kapusta and Rouwenhorst (1973), also may influence nodule 
occupancy by the competing strains. 
For identification of competing strains, Nicol and Thorton (1941) 
utilized differences in colony morphology of rhizobia growing on yeast 
extract mannitol (YEM) agar to determine nodule occupancy in inoculated 
peas. If the competing strains are serologically distinct, however, 
one of the most commonly used techniques for strain identification is 
agglutination reactions (Vincent, 1970). Agglutination of Rhizobium 
.japonicum with specific antisera can be made by direct reaction with 
nodule juices (Means et al., 1964). Unfortunately with groundnut 
nodules, we found that the isolates must first be streaked on YEMA be­
fore serological identity can be determined (unpublished observations). 
If colony morphology can be used for identification of groundnut 
rhizobia, considerable time may be saved in determining nodule occupancy. 
Also, based on previous work in our laboratory, there is considerable 
cross reactivity between isolates of groundnut rhizobia, making identifi­
cation via agglutination reactions tedious. 
The effects of cultivar, Rhizobium strain, pH, and the rate of 
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inoculation on nitrogen-fixing traits and competitive nodulation were 
investigated under greenhouse conditions. The study used native 
Sudanese groundnut cultivars, native and commercial Rhizobium strains, 
and two pH levels that are characteristic of Sudanese soils. Determina­
tion of nodule occupancy was based on colony morphology of rhizobial 
isolates, which was verified by serological reactions. 
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MATERIALS AOT) METHODS 
Strains 
Three serologically distinct groimdnut-nodulating Rhizobium strains 
were evaluated. The Wad Medani strain was isolated from a clay soil in 
Central Sudan and the Kadugli strain from a clay soil in Western Sudan. 
The commercial strain, TAL 309, was supplied by Dr. Wacek, North 
American Plant Breeders, Princeton, Illinois. 
Cells were grown in yeast extract mannitol (YEM) broth for six 
days at 28°C on a waterbath shaker. Cell counts were made by using a 
counting chamber and a phase contrast microscope. 
Cultivars 
Three Sudanese groundnut cultivars were used in this study: 'Ash-
ford' and 'MH383' (both Virginia type), and 'Barberton' (a Spanish 
type). The seeds were obtained from the Agronomy Section, Agricultural 
Research Corporation, Wad Medani, Sudan. 
Strain-Cultivar Interaction 
The competitive ability and nitrogen-fixing efficiency of the 
strains were evaluated in combination with three Sudanese groundnut 
cultivars (Study I). The strains were added singly and in mixtures 
(Table 1). The mixtures were prepared by adding an equal volume (0.5 
ml) of two broth cultures. Because the cell counts were not identical, 
the resulting ratios of added inocula varied from 1.6:1 to 10:1 (Table 
1). Both the uninoculated and the nitrogen controls received no 
Table 1. Inoculants used in the evaluation of efficiency and competitive ability of ground­
nut Rhizobium in the greenhouse 
Study Study 11*) 
Trt. 
No. Strain Inoculant size 
Trt. 
No. 
Strain Inoculant size 
1 Wad Medani (W.M.) 
2 Kadugli (K.) 
3 TAL 309 (T) 
4 W.M./K. mixture 
5 W.M./T. mixture 
6 K./T. mixture 
7 Unlnoc. control 
8 Nitrogen control^  
No. ml 
-1 
2.0x108 
1.25xl08 
2.0x107 
1.0xl0®/6.3xl0' 
(1.6:1) 
l.OxlO^ /l.OxlO? 
(10:1) 
6.3x107/1.0x10? 
(6.3:1) 
None 
None 
1 Wad Medani (W.M.) 
2 Kadugli (K.) 
3 Kadugli (K.) 
4 W.M./K. mixture 
5 Uninoc. control 
6 Nitrogen control^  
No. ml 
-1 
2.0x10^  
1.25x10 8 
1.25x108 
1.0x104/6.3x10? 
(1:6.3x103) 
None 
None 
I^noculants applied to Sudanese cultivars 'Ashford', 'Barberton', and 'MH383' in 
a greenhouse study. Plants were grown in a sand-vermiculite mixture (pH 6.5) for seven 
weeks. Numbers in parentheses are the ratios of applied cells in mixed inoculants. 
''inoculants applied to the Sudanese cultivar 'Ashford' in a greenhouse study. Plants 
were grown in a sand-vermiculite mixture adjusted to pH 6.5 or 8.0 for seven weeks. Number 
in parentheses is the ratio of applied cells in the mixed inoculant. 
N^itrogen added as 10 ml of 8 pg ml ^  NH.NO solution three times during the growth 
period. 
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rhizobial additions, but the nitrogen controls did receive 10 ml of 8 
-1 
Mg ml NH^ NOg solution three times during the seven-week growth 
period. 
Seeds were surface sterilized by immersion in 30% HgOg for 15 
min. followed by five rinses in sterile water (Vincent, 1970), pre-
germinated, and planted into pots containing a sterile sand:vermicu-
lite mixture (1:1 by volume). The mixture initially received 100 ml 
of a complete nutrient solution lacking nitrogen. Each treatment was 
replicated four times, and the pots were positioned in the greenhouse 
in a completely randomized design. 
At harvest, seven weeks from sowing, plant color was rated using 
4 for dark green, 3 and 2 for intermediate colors, and 1 for yellow. 
The plant shoots were then dried at 72°C for two days and dry weights 
determined. Nitrogenase activity was measured by the acetylene reduc­
tion assay (Hardy et al., 1968) . Modulation was assessed and five 
nodules were randomly sampled from each plant for determination of the 
nodulation percentage by the competing strains. Colony morphology and 
agglutination reactions were used for occupant identification. 
pH Effect 
The soils of Western Sudan have a neutral to slightly acid pH, 
while the soils in Central Sudan characteristically contain free CaCO^  
and pHs are between 8.0 and 8.5 (Hadad and Loynachan, Agronomy Depart­
ment, I.S.U., unpublished data). In a separate study (Study II), sand: 
vermiculite mixtures (1:1 by volume) were adjusted with CaCO^  additions 
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to pH levels of 6,5 and 8.0 (Table 1). The CaCO^  was thoroughly mixed 
with the sand and vermiculite before placement in pots. Only the two 
Sudanese rhizobial isolates were evaluated on the Sudanese cultivar 
'Ashford'. The first two treatments represented levels of rhizobia 
-1 found g soil in the field (Hadad and Loynachan, Agronomy Department, 
I.S.U., unpublished data), the third treatment was a high level of 
-1 inoculation comparable to levels of rhizobia g of inoculant, and the 
fourth treatment was a mixture of strains representing a more competi-
-1 tive strain (Wad Medani strain) at levels found g soil and a less 
-1 
competitive strain (Kadugli strain) at levels found g inoculant. 
Statistical Analysis 
A pooled correlation matrix was constructed to evaluate the rela­
tionship between the measured nitrogen-fixing traits in both studies. 
Treatment differences within studies were evaluated using Duncan's 
Multiple Range Tests. 
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RESULTS AND DISCUSSION 
Wynne et al. (1980) reported that nodulation, plant color, tissue 
weight, and nitrogenase activity were statistically correlated with 
each other as nitrogen-fixing traits in greenhouse-grown groundnuts. 
Data in Table 2 summarize the significant (P<0.05) correlation coeffi­
cients found in these studies. In general, the results are in agreement 
with those of Wynne et al. (1980). In the second study, we further 
subdivided the nodules into lateral and main-root nodules. Main-root 
nodulation and nodule weights were significantly correlated (P<0.05) 
with nodule activity (CgHg reduced). Several parameters, therefore, 
apparently can serve as reliable indicators in the screening of rhizobia 
for efficiency under greenhouse conditions. 
Cultivar-Strain Interaction 
No statistical differences were found in any nitrogen-fixing traits 
other than nodulation among the single-strain additions in Study I 
(Table 3). The isolate from Wad Medani (W.M.) significantly (P<0.05) 
improved nodulation of these cultivars without obvious benefit to the 
plant, which may imply inefficient nodulation. Strain TAL 309 (T) 
gave the lowest nodulation but the majority of the nodules with TAL 309 
were large and located on the main root. Tissue weights and nodule 
activity also tended to improve following inoculation with strain TAL 
309. The host genotype apparently had little influence on strain effi­
ciency, since consistent results were obtained with the three tested 
cultivars. 
Table 2. Significant correlation coefficients (r) between nitrogen-fixing traits for combined 
studies I and II 
Top dry 
weight 
C2H2 Total Main-root Lateral-root Main-root 
reduced nodulation nodulation nodulation nodule weight 
Color 0. 40*** NS® NS ND^  ND ND 
(0. 61) (0,24) (NS) (NS) (NS) (NS) 
Top dry 0.63*** 0.35*** ND ND ND 
weight (0.5 3)*** (0.42)** (NS) (0.41)** (0.48)** 
C2H2 0.29** ND ND ND 
reduced (0.39)** (0.58)*** (0.28)* (0.74)*** 
Total ND ND ND 
nodulation (0.36)** (0.98)*** (0.39)** 
Main-root ND ND 
nodulation (NS) (0.84)*** 
Lateral-root ND 
nodulation (NS) 
- Not significant at the 0.05 level of probability 
• 
N^D - Not determined; the subdivision of nodules Into main and lateral-root nodules was only 
conducted for the second study. 
'^ Bottom values in parentheses represent the correlation coefficients obtained with the 
second study. 
jAftftSignificant at the 0.05, 0.01, and 0.001 levels of probability, respectively. 
89 
Table 3. Nitrogen-fixing traits as influenced by single-strain 
Rhizobium additions to three Sudanese groundnut cultivars 
(Study I) 
Trt.a 
No. Strain® 
Plant growth 
Fresh 
top wt. 
Dry 
top wt. 
Color 
rating 
Nitrogenase 
activity 
Total 
nodula-
tion 
g plant -1 -1 -1 -1 pmol plant h No. plant 
Ashford 
1 W.M. 3.58a 0.63ab 2.50bc 0.352a 103.0b 
2 K. 3.59a 0.60ab 3.13ab 0.362a 69.0c 
3 T. 3.93a 0.65ab 2.63bc 0.424a 56.0c 
7 Uninoc. control 3.41a 0.57ab 2.00c 0.190b O.Od 
8 Nitrogen control 4.19a 0.73a 3.75a 0.123b O.Od 
MH383 
1 W.M. 3.10a 0.53a 3.13a 0.286a 71.0ab 
2 K. 3.04a 0.51a 3.25a 0.321a 62.0bc 
3 T. 3.14a 0.55a 2.67a 0.331a 28.0cd 
7 Uninoc. control 2.57a 0.44a 2.83a O.Ob O.Od 
8 Nitrogen control 3.69a 0.70a 3.67a O.Ob O.Od 
Barberton 
1 W.M. 2. 36b 0.40b 1.63c 0. 237ab 70.0b 
2 K. 2. 71b 0.45b 2.00bc 0. 254ab 35.0c 
3 T. 2. 60b 0.44b 2.25bc 0. 286ab 34.0c 
7 Uninoc. control 2. 13b 0.39b 2.13bc 0. Oc O.Od 
8 Nitrogen control 3. 62a 0.66a 3.38a 0. Oc O.Od 
T^reatments discussed in Table 1. 
V^alues are averages of four replications ; means within the same 
column for each cultivar followed by a common letter (both Tables 3 
and 5) are not significantly different at the 0.05 level of probability 
by the Duncan's Multiple Range Test. 
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Similarly, changing the pH from 6.5 to 8.0 had little influence on 
the nitrogen-fixing efficiency of the two Sudanese strains in Study II 
(Table 4). The main differences with pH change involved lateral-root 
nodules. Fewer lateral-root nodules were consistently found at the 
higher pH. This may reflect more rapid die off of rhizobia at pH 8.0; 
thus, fewer organisms were present during the formation of lateral-root 
nodules. The pH range used in this study, although reflective of pHs in 
Sudanese soils, may have been too narrow to cause major differences in 
nitrogen-fixing traits. 
Increasing the inoculant size of the Kadugli strain 10^  (treatments 
2 vs. 3) did affect nodulation (Table 4). Numbers of lateral-root 
nodules of the 'Ashford' cultivar were significantly (P<0.05) reduced, 
while the main-root nodules and nodule weights increased. The higher 
inoculation rate and the early establishment of main-root nodules may 
have interfered with lateral-root nodule initiation. There was no ap­
parent interaction between pH and inoculation rate. 
Competition for Nodule Sites 
The percentage of nodules occupied by each strain in Study I and 
the ratio of rhizobia applied and found are detailed in Table 5. When 
the Wad Medani (W.M.) or TAL 309 (T) strain was added singly, 100% of 
the nodules were occupied by the applied strain. Since antiserum was 
not prepared for the strain from Kadugli (K), negative reactions obtained 
with the treatments receiving either TAL 309 or the Wad Medani strain in 
combination with the Kadugli strain were considered as occupancy by the 
Table 4. Influence of pH and inoculum size on nitrogen-fixing traits of the Sudanese cultivar 
'Ashford' (Study II) 
a g Plant growth Modulation Nitrogen-1 l u. 
No. 
Strain pH Tissue 
dry wt. 
Root 
dry wt. 
Color 
rating Total 
Main 
root 
Lateral 
root 
MR wt.b ase 
activity 
Ê 1 No. N°--l g IJmol plant"! 
plant" plant" plant plant 1 hr-1 
1 W.M. 6.5 0.44a'^  0.20a 3.17a 98.0c 9. 3cd 88.7d 0.0218cd 0.028cd 
W.M. 8.0 0.39a 0.19a 2.86a 76.4e 5.7de 70.7e O.OlOOd 0.003d 
2 K. 6.5 0.45a 0.19a 3.00a 111.0b 8.5de 102.5b 0.0190cd O.OSObcd 
K. 8.0 0.49a 0.23a 3.24a 65.Of 11.7bcd 53.3g 0.0284cd G.210abc 
3 K. 6.5 0.53a 0.19a 3.86a 111.0b 19.7ab 91.3c 0.0640ab 0.276ab 
K. 8.0 0.54a 0.24a 3.93a 56.4g 17.7abc 38.71 0.0678ab 0.313a 
4 W.M./K. 6.5 0.41a 0.17a 2.33a 118.0a 4.Ode 114.0a 0.0186cd 0.019d 
W.M./K. 8.0 0.35a 0.20a 2.67a 90.0b 24.0a 66.Of 0.0955a 0.207bc 
5 W.M./K. 6.5 0.55a 0.22a 3.00a 59.6gf 10.3cd 49.3h 0.0576abc 0.056cd 
W.M./K. 8.0 0.50a 0.19a 3.33a 72. Oe 23.0a 49, Oh 0.0896a 0.212abc 
6 Uninoc. 
control 6.5 0.39a 0.19a 2.67a 0.0 0.0 0.0 0.0 0.0 
Uninoc. 
control 8.0 0.43a 0.24a 3.00a 0.0 0.0 0.0 0.0 0.0 
T^reatments discussed in Table 1. 
M^ain-root nodule dry weight. 
V^alues are averages of three replications; means within the same column followed by a com' 
mon letter are not significantly different at the 0.05 level of probability by the Duncan's 
Multiple Range Test. 
Table 5. Influence of host genotype on the competitive nodulation of three Sudanese groundnut 
cultivars (Study I) 
Trt.^  q . a Total Nitrogenase 
No. ra n modulation activity 
Percentage occupancy 
W.M. K. 
Occupancy ratio 
Applied Found 
4 
5 
6 
W.M./K. 
W.M./T. 
K./T. 
No. 
plant -1 
63.0c' 
132.0a 
58.0c 
pmol 
plantai hr 
0.404a 
0.349a 
0.383a 
Ashford 
86.7±6.6' 
56.3±6.3 
0 .0  
0 . 0  
43.75±6.3 
73.3+14.7 
13.3±6.6 
0 . 0  
26.7+14.7 
1.6:1 
10.0:1 
6.3:1 
6.7:1 
1.3:1 
0.4:1 
W.M./K. 
W.M./T. 
K./T. 
78.0ab 
114.0a 
83.0ab 
0.333a 
0.306a 
0.373a 
MH383 
92.3+6.6 
55.6±7.4 
0 . 0  
0 . 0  
44.4+7.4 
90.9+22.5 
7.7±6.6 
0 . 0  
9.5±22.5 
1.6:1 
10.0:1 
6.3:1 
12.0:1 
1.3:1 
0.1:1 
4 
5 
6 
W.M./K. 
W.M./T. 
K./T. 
49.Obc 
98.0a 
40.0c 
0.310a 
0.245ab 
0.217b 
Barberton 
66.7±9.3 
61.5+6.9 
0 . 0  
0 . 0  
38.5+6.9 
45.5±6.3 
26.7+9.3 
0 . 0  
54.5+6.3 
1.6:1 
10.0:1 
6.3:1 
2.5:1 
1.6:1 
1.2:1 
T^reatments discussed in Table 1. 
V^alues are averages of four replications; means within the same column for each cultivar 
followed by a common letter (both Tables 3 and 5) are not significantly different at the 0.05 
level of probability by the Duncan's Multiple Range Test. 
'"Means ± S. E. 
M^ixed infections accounted for 6.6%. 
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Kadugli strain. 
Strain TAL 309 appeared to be quite competitive when compared with 
the Sudanese strains on all three cultivars. The ratio of applied cells 
with Wad Medani/TAL 309 was 10:1 but the ratios of nodule occupants was 
1.3 to 1.6:1 (Table 5). If one calculates the competitive index as the 
ratio of cells applied to the ratio of strains found in nodules, TAL 309 
was seven times more competitive than the Wad Medani strain. In com­
parison with the Kadugli strain, TAL 309 averaged eleven times more com­
petitive. Of the two Sudanese strains, the Wad Medani strain was more 
competitive than the Kadugli strain. When applied at a ratio of 1,6:1 
(W.M./K.), the Wad Medani strain occupied 87, 92, and 67% of the nodules 
on cultivars 'Ashford', 'Barberton', and 'MH383', respectively. This 
gave the Wad Medani strain an average competitive index of 4.4 compared 
with the Kadugli strain. The competitive ratings were therefore TAL 
309 > Wad Medani > Kadugli. Relatively consistent occupancy data were 
obtained with all three cultivars. Under field conditions when strain 
TAL 309 was applied to groundnuts in a Sudanese soil populated with the 
Wad Medani strain, the strain was fairly competitive and occupied 30 
and 40% of the main and lateral-root nodules, respectively (Hadad and 
Loynachan, Agronony Department, I.S.U., unpublished data). 
Since data from Study I suggested that the Wad Medani strain was 
more competitive than the Kadugli strain, a treatment was considered in 
Study II (Table 1) where the more competitive strain (Wad Medani) was 
added at levels found g ^  soil and the less competitive strain (Kadugli) 
was added at levels found g ^  inoculant. Further, the Wad Medani 
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strain was originally isolated from an alkaline soil and the Kadugli 
strain from a slightly acid soil. Regardless of pH of the medium, the 
Kadugli strain formed all nodules that were typed. The use of ultra 
high inoculum rates, as suggested by Kapusta and Rouwenhorst (1975), 
appears promising as an effective means of replacing inefficient 
strains and improving the competitive ability of less-competitive strains 
of groundnut rhizobia. More work is needed to quantify the inoculum size 
needed with the Kadugli strain to compete successfully with the Wad 
Medani strain under actual field conditions. 
Strain Identification 
Morphological identification of nodule occupants by observing 
growth characteristics would greatly aid in reducing the tedious task 
of serological identification. Furthermore, as often observed with 
groundnut rhizobia, if the competing strains cross react, serological 
reactions cannot be successfully used for strain identification. 
The Rhizobium strains tested in this study varied considerably in 
their growth characteristics when isolated from nodules and grown on YEMA 
containing 25 pg ml ^  bromthymol blue as a pH indicator. Time of ap­
pearance, colony shape, size, elevation, and absorption of the brom­
thymol blue varied among the strains (Figure 1, Table 6). Absorption 
of the bromthymol blue, most evident by the Kadugli strain, resulted 
in a decided yellowishness of the colony. In fact, the Kadugli and Wad 
Medani strains could easily be separated based solely on color. 
Identification of the isolates based on colony morphology was 
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Fig. 1. Colonial morphology of Kadugli (A), TAL 309 (B), 
and Wad Medani (C) Rhizobium strains (magnifica­
tion 6X) 
Table 6. Morphological characteristics of the Rhizobium isolates used in the competition study 
Rhizoblum 
strain 
Time for 
appearance 
on YEMA 
Colony size at day^  
8 12 16 
Colony 
margin eS™"L„ 
secretion 
Kadugli 
TAL309 
Wad Medani 
days 
12 
8 
10 
<1.0 
- mm -
<1.0  
1 . 0  
< 1 . 0  
1.5 
>3.0 
2 . 0  
Entire 
Irregular 
Entire 
Raised +4 
Flat +1 
Convex +2 
Slight 
Abundant 
Slight 
G^rowth was at 28°C on yeast extract mannitol agar amended with 25 pg ml bromthymol 
blue (BTB) as a pH indicator. 
A^ll isolates were alkaline producers; BTB rating was +4 for maximum absorption, +2 for 
moderate absorption, and +1 for slight absorption. 
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verified by using serological techniques (agglutination reaction). In 
all instances, positive agreement was obtained. This suggests that 
colony morphology, at least with selected strains, could be used as a 
means of rapidly screening nodule occupants with groundnut rhizobia. 
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SUMMARY AND CONCLUSIONS 
In order to improve symbiotic nitrogen fixation, strains of rhizobia 
must be found that are both efficient and competitive. This study evalu­
ated three serologically distinct cultures of Rhizobium, one commercial 
strain (TAL 309) and two Sudanese isolates, in greenhouse studies for 
efficiency and competitiveness on three groundnut (Arachis hypogaea L.) 
cultivars. The commercial strain, TAL 309, was more efficient in 
nitrogen fixation than either of the Sudanese strains, which were identi­
fied as the Wad Medani strain and Kadugli strain. The host genotype 
little influenced the nitrogen-fixing efficiency of the strains tested. 
A pooled correlation matrix indicated that plant color at harvest, 
acetylene reduction, and the total number of nodules were positively 
correlated with shoot dry weights. In addition to being serologically 
distinct, the strains varied in colony morphology when grown on yeast 
extract mannitol (YEM) agar. Both agglutination reactions and colony 
appearance were used for the identification of nodule occupants. 
Whenever the TAL 309 strain was included in inoculum mixtures, it 
consistently occupied the majority of nodules with all three groundnut 
cultivars. A calculated competitive index revealed that TAL 309 was 
seven and eleven times more competitive than the Sudanese strains, Wad 
Medani and Kadugli, respectively. Between Sudanese strains. Wad Medani 
was four times more competitive than the Kadugli strain. No cultivar x 
strain interaction was present. In a separate study, the effect of pH 
and inoculum size was evaluated by using the Sudanese strains and the 
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groundnut cultivar 'Ashford'. Varying the pH from 6.5 to 8.0 had no 
influence on the relative competitive ability of strains. Even though 
the Wad Medani strain was more competitive, increasing the inoculum 
size of the Kadugli strain to 10^  times that of the Wad Medani strain 
completely eliminated the Wad Medani strain from occupying main-root 
nodules. This suggests that high inoculation rates of groundnut 
rhizobia could be used to replace inefficient strains. 
100 
LITERATURE CITED 
Caldwell, B. E. and G. Vest. 1968. Nodulation interactions between 
soybean genotypes and serogroups of Rhizobitnn japonicim. Crop 
Sci. 8:680-682. 
Elnadi, M. A., Y. A. Hamdi, M. Lotfi, S. H. Nassar, and F. S. Faris. 
1971. Response of different varieties of common beans to certain 
strains of Rhizobium phaseoli. Agric. Res. Rev. 49:125-130. 
Graham, R. A. and A. L. Donawa. 1981. Effect of soil pH and inoculum 
rate on shoot weight, nitrogenase activity, and competitive nodula­
tion of groundnut (Arachis hypogaea L.). Trop. Agric. 58:337-
340. 
Hardy, R. W. F., R. D. Holsten, E. K. Jakson, and R. G. Bums. 1968. 
The acetylene-ethylene assay for N2-fixation. Laboratory and 
field evaluation. Plant Physiol. 43:1185-1207. 
Kapusta, F. and D. L. Rouwenhorst. 1973. Influence of inoculum size 
on Rhizobium iaponicum serogroup distribution frequency in soy­
bean nodules. Agron. J. 65:916-919. 
May, S. N. and B. B. Bohlool. 1983, Competition among Rhizobium 
leguminosarum strains for nodulation of lentils (Lens esculenta). 
Appl. Environ. Microbiol. 45:960-965. 
Means, U. M., H. W. Johnson, and R. A. Date. 1964. Quick serological 
methods of classifying strains of Rhizobium japonicum in nodules. 
J. Bacterid. 87:547-553. 
Nicol, H. and H. G. Thorton. 1941. Competition between related strains 
of nodule bacteria and its influence on infection of the legume 
host. Proc. Royal Soc. London. 130:35-59. 
Trinick, M. J. 1982. Competition between rhizobial strains for nodula­
tion. p. 229. In J. M. Vincent (ed.) Nitrogen Fixation in 
Legumes. Academic Press, New York. 
Vincent, J. M. 1970. A manual for the practical study of root-nodule 
bacteria. IBP Handbook No. 15. Burgess and Sons, Berkshire. 
Vincent, J. M. and L. M. Waters. 1953. The influence of the host on 
competition amongst clover root-nodule bacteria. J. Gen Microbiol. 
9:357-370. 
Weaver, R. W. 1974. Effectiveness of rhizobia forming nodules on 
Texas grown peanuts. Peanut Sci. 1:23-25. 
101 
Weaver, R. W., L. R. Frederick, and L. C. Dumenil. 1972. Effect of 
soybean cropping and soil properties on numbers of Rhizobium 
japonicum in Iowa soils. Soil Sci. 114:137-141. 
Wynne, J. C., G. H. Elkan, C. M. Meisner, T. J. Schneeweis, and J. M. 
Ligon. 1980. Greenhouse evaluations of strains of Rhizobium for 
peanuts. Agron. J. 72:645-649. 
102 
GENERAL DISCUSSION AND FUTURE RESEARCH 
Groundnut, as a legume, is an important crop for protein and oil 
production. The crop also furnishes a sizable export of considerable 
value for Sudan, the fourth leading groundnut-producing country in the 
world. Traditionally, the crop is groim in crop rotations with cotton, 
sorghum, maize, or sesame because as a legume it fixes its own nitrogen 
and can supply nitrogen to crops following it in rotation. 
Many significant findings emerged from this study. The presence 
of high numbers of rhizobia in virgin soils or soils never planted to 
groundnut indicates that other plants native to the surveyed locations 
are serving as hosts for groundnut-nodulating rhizobia. The survival 
of such rhizobia in the soils of Western Sudan, however, merits further 
2 investigation since one location contained fewer than 3.0x10 rhizobia 
-1 g of soil. The dominant vegetation in the area is gum arabic trees 
(Acacia Senegal) and, according to Habish and Kheiri (1968), gum arabic 
trees do not host groundnut rhizobia. 
In Sudan, the rhizobia apparently have some mechanism of surviving 
as free-living organisms the hot and dry months that precede the rainy 
season.. Possibly attachment to clay and sand particles is important 
and should be verified through techniques such as fluorescent antibody 
microscopy. Most of the strains that cross-reacted serologically with 
the cowpea isolate were found to share at least one antigen as tested 
by the gel-immune diffusion technique. Serological variability within 
the strains was found among different sites of the same soil type. 
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Characterization of Sudanese rhizobia into serogroups and their distribu­
tion with soil types needs further study. 
The rhizobial population needed for maximum nodulation and nitrogen 
fixation depends, among other factors, on the method of inoculation. 
The soil conditions in Sudan during groundnut planting are usually ad­
verse because rhizobia are exposed to desiccation and high soil tempera­
tures (surface soil temperatures in early June at planting likely exceed 
50°C). Inoculant application did not result in higher nitrogen-fixing 
activity. This was probably partially due to the nature of the low 
organic carbon soils in Sudan. The rate of nitrogen mineralization is 
probably too low to support the plants without stress before the onset 
of nitrogen fixation. Another factor to consider is the problems associ­
ated with government controlled, gravity flow irrigation in Sudan. 
Often due to the lack of irrigation water during the growing season, 
both plants and rhizobia may be stressed. Once the water is available, 
the farmers tend to flood the field as a measure against uncertainty of 
obtaining irrigation water in the future. The alternate drying and 
flooding conditions may be causing rapid die off of rhizobia or hinder­
ing the symbiotic process. Still another factor is the competition for 
nodule sites by native inefficient rhizobia presumably adapted to the 
stressful environment. The role of other soil microorganisms in these 
tropical soils and the inhibiting effect on exotic inoculant strains 
should be examined. 
Another aspect of the study is the finding that the Kadugli strain 
(Western Sudan) is more efficient in nitrogen fixation than the Wad 
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Medani strain (Central Sudan). The strain from Western Sudan presumably 
is adapted to the Sudanese conditions and holds promise as a native 
strain for use as an inoculum in Central Sudan. Further work regarding 
the inoculation level and the form of inoculant should be pursued. Also, 
of practical significance is the finding that pH had no infleunce on 
the competitive ability or the nitrogen-fixing efficiency of the 
Kadugli strain. The soil pH in Western Sudan, where the efficient 
strain 'Kadugli' was isolated, ranges from 6.0 to 6.5, whereas the soil 
pH at Wad Medani (Central Sudan) ranges from 8.0 to 8.5. 
Finally, the unavailability of inoculant carriers such as peat in 
Sudan should be considered. Perhaps locally available resources such 
as groundnut hulls or Nile silt can be used. The survival of inoculant 
strains following inoculation beyond the first year also should be 
studied if permanent replacement of nitrogen fertilizer application with 
biological nitrogen fixation is to be achieved. Programs dealing with 
improving the macrosymbiont are of significance and should receive 
similar attention by plant breeders. 
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APPENDIX A 
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Table Al. Relationship between frequency of occurrence of groundnut 
in crop rotations in different Sudanese soils to the 
abundance of groundnut-nodulating rhizobia, 1980 survey 
data^  
Location Textural class Crop rotation MPN 
Abu Naama 
(Southcentral 
Sudan) 
Clay 
Wad Medani 
(Central Sudan) 
Clay 
Sennar (South-
central Sudan) 
Rahad (Eastern 
Sudan) 
Clay 
El Obeid (West- Sandy-clay 
ern Sudan) 
Sand 
Sand 
Cotton-groundnut (1979)^  
Permanent fallow 
Continuous groundnut (since 
1968) 
Groundnut-sorghum (64-79) 
Sorghum-sesame-cotton-ground­
nut (1979) 
Sorghum-sesame-groundnut-com 
(1978) 
Same (1977)= 
Same (1976) 
Fallow (4 years)-groundnut (1979) 
Virgin soil 
Fallow last 4 years, never under 
groundnut 
Sorghum-fallow-wheat-groundnut 
(1979) 
Same (1978) 
Same (1977) 
Same (1976) 
Fallow-co 11on-wheat-gro undnut-
sorghum-vegetables (1979) 
Same (1978) 
Same (1977) 
Same (1976) 
Cotton-groundnut (1979) 
Never under groundnut, fallow 
Under Hashab seedlings (Acacia 
Senegal), never under groundnut 
Continuous groundnut (1979) 
Groundnut-millet (1979) 
l.lxl04 
2.4x10* 
2.9x10* 
4.4xlo4 
l.lxloS 
4.2x10^  
4.4xl04 
7.5x10^  
1.6x10^  
1.1x10^  
l.lxl04 
7.3xl04 
3.5x10* 
3.5X104 
2.1X104 
2.0x104 
2.4X104 
2.0x104 
1.5X104 
1.5x103 
2.7x103 
1.5X104 
<3.0x10% 
I.1x10% 
S^oils were collected from the surface 15 cm in June 1980. 
Three replications were made per soil, and a representative sample 
was taken for the MPN determination. The method of Vincent (1970) was 
followed. Sirratro (Macroptilium atropurpureum) was used as the test 
plant and was grown in growth pouches (Weaver and Frederick, 1972). 
T^he year represents when groundnut was last in crop rotation. 
CThe same rotation as above but last planted to groundnut in the 
year indicated. 
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Table A2. Number of viable Rhizobium^  cells/ml used to inoculate 
groundnuts, greenhouse, 1983, Iowa State University 
Rhizobium 
strain Host legume Source 
No. of viable 
Rhizobium 
cells/ml 
Green gram Phaseolus aureus Sudan 7.2x10^  
Pigeon pea Cai anus ca.ian Sudan 9.8x10^  
Medani Arachis hypogaea Sudan 1.0x10^  
Kazgail Arachis hypogaea Sudan 1.22x10^  
Kazgail Arachis hypogaea Sudan 3.8x10^  
Kadugli Arachis hypogaea Sudan 3.36x10^  
Sennar Arachis hypogaea Sudan 3.36x10^  
Sennar Arachis hypogaea Sudan 1.82x10^  
Cowpea Vigna ungiculata Sudan 1.0x10^  
Lubia Dolichos lablab Sudan 1.5x10^  
Bambara Voandzeia subterranea Sudan 8.9x10^  
groundnut 
8A11 Arachis hypogaea Nitragin Company 1.0x10^  
T^he count was made by a counting chamber mounted on a phase-
contrast microscope. 
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APPENDIX B 
Count of Rhizobia in the Oil-Base Inoculant 
The Rhizobium cells were lyophilized and enclosed in a packet con­
taining Drierite (CaSO^ ) as a desiccant. This desiccated 
atmosphere was maintained until cell suspension in oil. 
Groundnut oil was used for cell suspension. The oil was previ­
ously heated to 121®C to evaporate excess moisture (1.5 ml of oil 
per 100 groundnut seeds gave optimum seed coverage). 
The appropriate strain of lyophilized cells was weighted and care­
fully suspended in oil using a magnetic stirrer. 
The oil-suspended cells were slowly added by dripping the mixture 
over the seed lot with careful mixing. (If the seeds appear oily, 
finely ground charcoal can be dusted onto the inoculated seeds.) 
Two of the inoculated seeds were added to the initial dilution 
blank containing 2% Span 85 and 3% Tween 85. The blank was shaken 
for 10 minutes. 
A routine dilution series was made (10^ , 10^ , 10^ , 10^ , 10^ )^. 
One ml of the proper dilution was added to three pregerminated 
sirratro seeds (Macroptilium atropurpureum). 
After 30 days, the plants were inspected for nodulation and calcu­
lations were made for the MPN (Vincent, 1970). 
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Table Bl. Temperature, relative humidity, rainfall, and evaporation 
at Wad Medani, Sudan, during the summer, 1980& 
Month Average 
R.H. 
Total 
evaporation 
Total 
rainfall 
Average 
maximum 
temperature 
Average 
minimum 
temperature 
o r* /o uuu C 
June 53.7 19.2 22.3 38.5 25.8 
July 74.5 8.8 174.9 34.8 22.8 
August 79.2 6.9 76.2 33.9 22.5 
a^ta collection by meteorological station. Agricultural Research 
Corporation, Wad Medani, Sudan. 
Table B2. Titer of the antisera used for agglutination reactions, 
1982 field work 
Rhizobium 
strain Titer 
TAL 309 1280 
Wad Medani 5120 
Cowpea^  1280 
Kazgail^  1280 
8A11 2560 
Native rhizobia from Sudan. 
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Table B3. Viable number of Rhizobium cells in inocula used in the 
field studies 1981 and 1982®, Wad Medani, Sudan 
Rhizobium Inoculant MPN MPN 
strain carrier (1981) (1982) 
8A11 Peat 2.4x10 1.1x10 
TAL 309 Peat 2.4x10^  5.3x10? 
8A11 Oil 3.6x10 
TAL 309 Oil 2.9x10 
Mixture Peat^  2.4x10^  11.0x10 
Mixture Oil 
Native^  2.1x10^  2.1x10^  
T^he MPN per g of peat inoculant and added per two groundnut seeds 
in the oil inoculant. 
M^ixture of strains 8A11, TAL 309, 25B7, and 26Z6 in 1981, and 
8A11 and TAL 309 in 1982. 
'"The count of the native groundnut-nodulating rhizobia at the 
research site (Wad Medani, Sudan) in the top 15 cm of soil. 
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Table B4. Effect of inoculant placement on the nitrogen-fixing traits 
during the 1981 field study. Wad Medani, Sudan 
Cultivar Nodulation Top dry Tissue Pod 
Trt. No. Mass weight nitrogen yield 
No. planfl mg plant"! g plant"! % kg ha"! 
Ashford 
Uninoc. 
control 72.Oa^  19.00a 3.33ab 3.48a 1743.1a 
Nitrogen 
control 36.0a 51.25a 2.65b 3.49a 1899.3a 
Mixture(s)^  48.0a 30.25a 2.95ab 3.25a 1958.3a 
Mixture (5) 60.0a 24.75a 2.98ab 3.14a 1913.2a 
Mixture (10) 52.0a 33.00a 3.98a 3.47a 1954.9a 
Barberton 
Uninoc. 
control 52.0ab 17.25a 2.90a 3.82ab 1350.7ab 
Nitrogen 
control 36.0b 17.00a 3.58a 3.93a 1437.5ab 
Mixture(s) 38.0ab 24.00a 3.30a 3.60bc 1316.0b 
Mixture (5) 56.0a 19.25a 3.65a 3.64bc 1420.lab 
Mixture (10) 41.0ab 19.25a 3.98a 3.48c 1552.1a 
Values are averages of four observations; means for each cultivar 
within the same column followed by a common letter are not significant­
ly different at the 0.05 level of probability by the Duncan's Multiple 
Range Test. 
M^ixture of strains 8A11, TAL 309, 25B7, and 26Z6 placed at the 
seeding depth(s) and at 5 and 10 cm below the seeding depth. 
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Table B5. Effect of methods of inoculation on the nitrogen-fixing 
traits and pod yields during the 1982 field study, Wad 
Medani, Sudan 
Treat­ Inoculant Nodulation Top dry Tissue Pod 
ment carrier No. Mass weight nitrogen yield 
No. plant" mg plant"-*- g planfl % kg ha~l 
Ashford 
Uninoc. 
control — 98ab^  68.50ab 6.77b 2.83ab 1642.4a 
Nitrogen 
control 81b 66.40b 10.82a 3.07a 1711.8a 
8A11 Peat 129a 84.00a 6.25b 2.84ab 1597.2 
Oil lOOab 72.40ab 5.18b 2.65b 1614.6 
TAL 309 Peat 97ab 81.00ab 5.21b 2.51b 1743.1 
Oil 99ab 72.80ab 5.05b 2.62b 1298.6 
Mixture^  Peat 96ab 78.00ab 5.22b 2.51b 1743.1 
Oil 104ab 75.60ab 6.21b 2.72b 1628.5 
Barberton 
Uninoc. 
control 70a^  50.OOabc 4.58b 2.67a 579.9bc 
Nitrogen 
control 64a 33.60c 9.48a 2.72a 909.7a 
BAll Peat 62a 55.60ab 5.12b 2.68a 6 80. 6b 
Oil 67a 45.20bc 4.83b 2.54a 385.4d 
TAL 309 Peat 78a 67.60a 5.07b 2.58a 684.0b 
Oil 68a 52.OOabc 4.70b 2.57a 500.Ocd 
Mixture^  Peat 78a 67.20a 5.08b 2.58a 684.0 
Oil 91a 56.00ab 5.37b 2.50a 500.Ocd 
V^alues are averages of five observations ; means within the same 
column followed by a common letter are not significantly different at 
the 0.05 level of probability by the Duncan's Multiple Range Test. 
M^ixture of strains BAll and TAL 309 in the respective carriers. 
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Table B6. Field tests for nitrogen-fixing traits and pod yields with 
the Ashford cultivar during the 1981 field study, Wad 
Medani, Sudan 
• 1 • <a  ^ Modulation Top dry Tissue Pod 1 tc auineii u 
No. Mass weight nitrogen yield 
-1 — 1 -1 , -1 No. plant mg plant g plant % kg ha 
Uninoc. control 72.55a* 19.00a 3.33ab 3.48a 1743.1a 
Nitrogen control 35.83a 51.25a 2.65b 3.49a 1899.3a 
8A11 62.85a 40.50a 4.58a 3.26a 1698.0a 
TAL 309 69.03a 29.25a 3.55ab 3.38a 1625.0a 
25B7 62.63a 30.75a 2.60b 3.31a 1670.1a 
26Z6 t 69.93a 27.50a 2.98b 3.33a 1784.7a 
Composite(s) 48.03a 30.25a 2.95b 3.25a 1958.3a 
Composite (5) 59.90a 24.75a 2.98b 3.14a 1913.2a 
Composite (10) 51.63a 33.00a 3.98ab 3.47a 1954.9a 
Values are averages of four replications; means within the same 
column followed by a common letter are not significantly different 
at the 0.05 level of probability by the Duncan's Multiple Range Test. 
M^ixture of strains 8A11, TAL 309, 26Z6, and 25B7 placed at the 
seeding depth(s), and at 5 and 10 cm below the seeding depth. 
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Table B7. Field testing for nitrogen-fixing traits and pod yields with 
the Barberton cultivar during the 1981 field study. Wad 
Medani, Sudan 
Modulation Top dry Tissue Pod 1 reacniicLiL No. Mass weight nitrogen yield 
No. plant ^  -1 mg plant g plant"^  % kg ha ^  
Uninoc. control 52.0a* 17.25a 2.90a 3.82a 1350.7a 
Nitrogen control 36.0a 17.00a 3.58a 3.93a 1437.5a 
8A11 47.0a 18.50a 3.18a 3.63abc 1333.3a 
TAL 309 41.0a 25.75a 2.95a 3.40c 1454.9a 
25B7 63.0a 21.25a 3.68a 3.61abc 1343.7a 
26Z6  ^ 43.0a 24.75a 3.25a 3.78ab 1461.8a 
Composite(s) 38.0a 24.00a 3.30a 3.60abc 1316.0a 
Composite (5) 56.0a 19.25a 3.65a 3.64abc 1420.1a 
Composite (10) 41.0a 19.25a 3.98a 3.48bc 1552.1a 
Values are averages of four replications; means within the same 
column followed by a common letter are not significantly different at 
the 0.05 level of probability by the Duncan's Multiple Range Test. 
M^ixture of strains 8A11, TAL 309, 26Z6, and 25B7 placed at the 
seeding depth(s), and at 5 and 10 cm below the seeding depth. 
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Table B8. Significant correlation coefficients between the nitrogen-
fixing traits during the 1981 greenhouse study, Iowa State 
University 
Fresh top Nodule Fresh root Top dry Color^  
weight number weight weight rating (I) 
Fresh top weight 
Nodule number 0.26** 
Fresh root weight 0.35*** 
Top dry weight 0.97*** 0.29** 0.32*** 
Color rating (I) 0.47*** 0.52*** 
Color rating (II) 0.40*** 0.41*** 0.48*** 0.51*** 
C^olor rating (I) and (II): Visual plant color ratings after 4 
and 8 weeks from sowing, respectively. 
**,***Significant at the 1% and 0.1% levels of probability, 
respectively. 
Table B9. Analysis of variance for nodule number of the Ashford and 
Barberton cultivars during the 1981 and 1982 field studies. 
Wad Medani, Sudan 
Source of Sum of F 
variation squares value 
Cultivar 1 11440.29 11.95 0.001*** 
BK 4 6747.87 1.76 0.15 
TRT 3 4482.39 1.56 0.21 
Year 1 17623.23 18.41 0.0001*** 
C*TRT 3 2600.21 0.91 0.45 
C*Year 1 994.84 1.04 0.31 
TRT*Year 3 988.09 0.34 0.80 
C*TRT*Year 3 2185.54 0.76 0.52 
***Significant at the 0.1% level of probability. 
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Table BIO. Analysis of variance for nodule mass of the Ashford and 
Barberton cultivars during the 1981 and 1982 field studies. 
Wad Medani, Sudan 
Source of Sm of F 
variation squares value 
Cultivar 1 5033.39 30.70 0.0001*** 
Block 4 2236.88 3.41 0.0150** 
TRT 3 3148.50 6.40 0.0010** 
Year 1 26406.25 161.06 0.0001*** 
C*TRT 3 996.28 2.03 0.1202 
C*Year 1 831.14 5.07 0.0286* 
TRT*Year 3 701.23 1.43 0.2449 
C*TRT*Year 3 228.15 0.46 0.7124 
*,**,***Significant at the 5%, 1%, and 0.1% levels of proba­
bility, respectively. 
Table Bll. Analysis of variance for top dry weight of the Ashford and 
Barberton cultivars during the 1981 and 1982 field studies. 
Wad Medani, Sudan 
Source of Sum of F 
variation squares value 
Cultivar 1 10.55 4.39 0.0410* 
BK 4 5.60 0.58 0.6763 
TRT 3 87.42 12.13 0.0001*** 
Year 1 217.86 90.69 0.0001*** 
C*TRT 3 3.27 0.45 0.7192 
C*Year 1 2.19 0.91 0.3434 
TRT*Year 3 84.97 11.79 0.0001*** 
C*TRT*Year 3 5.67 0.79 0.5096 
*,***Significant at the 5% and 0.1% levels of probability, 
respectively. 
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Table B12. Analysis of variance for tissue nitrogen of the cultivars 
Ashford and Barberton during the 1981 and 1982 field 
studies. Wad Medani, Sudan 
Source of df Sum of F 
variation squares value It jT-^ r 
Cultivar 1 0.07 0.92 0.3412 
BK 4 1.78 5.43 0.0010** 
TRT 3 1.07 4.38 0.0081** 
Year 1 10.47 128.16 0.0001*** 
C*TRT 3 0.04 0.15 0.9255 
C*Year 1 0.77 9.45 0.0034** 
TRT*Year 3 0.15 0.62 0.6099 
C*TRT*Year 3 0.40 1.63 0.1931 
**,***Significant at the 1% and 0.1% levels of probability. 
respectively * • 
Table B13. Analysis of variance for the pod yield of the cultivars 
Ashford and Barberton during the 1981 and 1982 field 
studies. Wad Medani, Sudan 
Source of df Sum of F Pr>F 
variation squares value 
Cultivar 1 70.29 97.77 0.0001*** 
BK 4 3.21 1.12 0.3584 
TRT 3 2.75 1.28 0.2922 
Year 1 18.46 25.68 0.0001*** 
C*TRT 3 0.26 0.12 0.9435 
C*Year 1 13.68 19.02 0.0001*** 
TRT*Year 3 0.27 0.13 0.9401 
C*TRT*Year 3 1.44 0.67 0.5798 
***Significant at the 0.1% level of probability. 
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Table B14. Analysis of variance for the nodule number of the culti­
vars Ashford and Barberton during the 1981 field study. 
Wad Medani, Sudan 
Source of 
variation df 
Sum of 
squares 
F 
value Pr>F 
Cultivar 
BK 
TRT 
C*TRT 
1 
3 
4 
4 
806.40 
818.53 
3798.13 
490.45 
1.38 
0.47 
1.63 
0.21 
0.2500 
0.7073 
0.1962 
0.9304 
Table B15. Analysis of variance for the nodule mass of the cultivars 
Ashford and Barberton during the 1981 field study. Wad 
Medani, Sudan 
Source of 
variation df 
Sum of 
squares 
F 
value Pr>F 
Cultivar 
BK 
TRT 
C*TRT 
1 
3 
4 
4 
1512.90 
1099.40 
1152.50 
1356.10 
2.89 
0.70 
0.55 
0.65 
0.1008 
0.5608 
0.7008 
0.6340 
Table B16. Analysis of variance for the top dry weight 
vars Ashford and Barberton during the 1981 
Wad Medani, Sudan 
of the culti-
field study. 
Source of 
variation df 
Sum of 
squares 
F 
value 
Pr>F 
Cultivar 
BK 
TRT 
C*TRT 
1 
3 
4 
4 
0.93 
0.29 
4.42 
2.29 
1.77 
0.19 
2.10 
1.09 
0.1948 
0.9037 
0.1084 
0.3805 
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Table B17. Analysis of variance for the tissue nitrogen of the culti-
vars Ashford and Barberton during the 1981 field study. 
Wad Medani, Sudan 
Source of 
variation df 
Sum of 
squares 
F 
value Pr>F 
Cultivar 1 1.06 24.57 0.0001*** 
BK 3 0.11 0.89 0.4609 
TRT 4 0.65 3.74 0.0151** 
C*TRT 4 0.29 1.69 0.1807 
**,***Significant at the 1% and 0.1% levels of probability, 
respectively. 
Table B18. Analysis of variance for the pod yield of the cultivars 
Ashford and Barberton during the 1981 field study. Wad 
Medani, Sudan 
Source of 
variation df 
Sum of 
squares 
F 
value Pr>F 
Cultivar 1 18.95 52.12 0.0001*** 
BK 3 0.69 0.63 0.6018 
TRT 4 1.48 1.02 0.4142 
C*TRT 4 0.66 0.46 0.7678 
***Significant at the 0.1% level of probability. 
Table B19. Analysis of variance for the nodule number of the culti­
vars Ashford and Barberton during the 1982 field study. 
Wad Medani, Sudan 
Source of 
variation df 
Sum of 
squares 
F 
value Pr>F 
Cultivar 2 16068.07 10.93 0.0001*** 
BK 4 875.02 0.30 0.8784 
TRT 7 4129.09 0.80 0.5897 
C*TRT 7 5087.12 0.99 0.4488 
5'c*&significant at the 0.1% level of probability. 
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Table B20. Analysis of variance for the nodule mass of the cultivars 
Ashford and Barberton during the 1982 field study. Wad 
Medani, Sudan 
Source of 
variation df 
Sum of 
squares 
F 
value Pr>F 
Cultivar 2 9275.29 28.24 0.0001*** 
BK 4 684.80 1.04 0.3932 
TRT 7 4620.17 4.02 0.0012** 
C*TRT 7 1003.80 0.87 0.5342 
**,***Significant at the 1% and 0.1% levels of probability, 
respectively. 
Table B21. Analysis of variance for the top dry weight of the culti­
vars Ashford and Barberton during the 1982 field study. 
Wad Medani, Sudan 
Source of 
variation df 
Sum of 
squares 
F 
value Pr>F 
Cultivar 2 15.05 3.19 0.0482* 
BK 4 58.58 6.21 0.0003*** 
TRT 7 211.42 12.81 0.0001*** 
C*TRT 7 10.14 0.61 0.7429 
*,***Significant at the 5% and 0.1% levels of probability, 
respectively. 
Table B22. Analysis of variance for the tissue nitrogen of the culti­
vars Ashford and Barberton during the 1982 field study. 
Wad Medani, Sudan 
Source of 
variation df 
Sum of 
squares 
F 
value Pr>F 
Cultivar 2 0.36 2.42 0.0976 
BK 4 0.24 0.82 0.5163 
TRT 7 1.09 2.09 0.0583 
C*TRT 7 0.38 0.72 0.6544 
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Table B23. Analysis of variance for the pod yield of the cultivars 
Ashford and Barberton during the 1982 field study. Wad 
Medani, Sudan 
Source of 
variation df 
Sum of 
squares 
F 
value Pr>F 
Cultivar 
BK 
TRT 
C*TRT 
2 
4 
7 
7 
167.76 
0.75 
10.00 
3.45 
152.84 
0.34 
2.60 
0.90 
0.0001*** 
0.8476 
0.0207* 
0.5155 
*,***Significant at the 5% and 0.1% levels of probability, 
respectively. 
